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INTRODUCTION 

Thh use of searchlight projectors both in the navy and 
with the land forces, is becomiiig more and more general. 
Not only has the number of such apparatus become con- 
siderable, but the types also have become largely varied and 
the size and power of the projectors keep steadily increasing. 
In spite of this, no combined work has up to the present 
been undertaken dealing with the question of the range of 
projectors, and artillery officers or naval officers, who are 
thoroughly capable of calculating the range of their own 
apparatus, have nearly always ignored the range of illumi- 
nation possible for searchhghts under the varying conditions 
of service. 

In the present book I have endeavoured to sum up the 
methods for range measurement, and, with the assistance 
of much information not previously published, the solution 
of the problem if not entirely elucidated, is at least advanced 
from a practical point of view. 

In this connection, I must express my gratitude to my 
friend Professor A. Blondel, who, some twenty years ago, 
was the first to put forward a theory on electrical search- 
lights, and whose researches on the electric arc are univer- 
sally known. He has helped me with his advice and has 
kindly allowed me to make use of some of his previously 
unpublished works, which it is to be hoped he will soon 
allow to be published.^ 

^ M. Ktosat, Engineer with the firm of Messrs. Sautter, Harl6 & Co., 
prepared my most reeent experiments, and has greatly helped me in 
the matter of the determination of the empirical laws concerning 
the electric arc. I herewith tender him my sincere thanks. 



xii INTRODUCTION 

The study of the range of electric searchlights comprises 
first of all — 

The determination of the luminous flux emitted by the 
arc ; the extent of the distribution o| this flux as it is 
received and reflected by the mirror of the searchUght ; 
then the calculation of the amount of hght projected at a 
distance, taking into account the size of the apparatus and 
the focal length of the mirror. 

Once the amount of light projected at a distance by the 
searchlight is known, it becomes possible to approximately 
calculate its range of illumination by taking into account 
the coefi&cient of the atmospheric transparency. It then 
becomes possible to determine, for any given searchlight, the 
probabihty of being able to illuminate a certain position at 
a given distance, provided one is acquainted with the 
climate — that is, the average degree of transparency at 
that particular locality. 



PROJECTOR RANGE 

In view of the absence of any modem and original work 
in English on the range of searchlight projectors, and the 
urgent demand by our air, naval and military forces for 
information relating to the calculation of illumination and 
range of searchhght projectors, M. Jean Eey has kindly 
transferred to me the rights of translation and publication 
of this important work. 

The subject is one of exceptional interest at the present 
time apart from its national importance. The chapter 
relating to the practical calculation of ranges in connection 
with warships, fortresses, trenches, etc., and also the 
appendix " C " on the subject of optical illusion on the 
Western Front in Flanders during the present War, will be 
found to be particularly valuable. It will be observed that 
the formulflB, constants and curves employed in the calcu- 
lation of illumination and range throughout this work, 
are based on the standard distance of 1,000 metres or a 
kilometre. It was therefore decided to adhere to these 
measurements in the translation, especially as our Expe- 
ditionary Forces are now familiar with metric measure- 
ments. In order to facilitate the conversion of the 
measurements from metric to British units the necessary 
multiplying constants are given below : — 

Millimetres multiplied by -03937 

or divided by 25*4 

Centimetres multiplied by •03281 ) _ * , 

or divided by 30-4795 ) ~ 

Metres multiplied by 3*281 = feet. 

Metres multiplied by 1*0936 = yards. 



= inches. 



xir PROJECTOR RANGE 

Kilometres multiplied by 1,093'6 = yards. 
Kilometres multiplied by '6214 = miles. 

The whole of the informs ttoii relating to projector illumi- 
nation is in connection with the standard forms of lamps 
burning ordinary carbons, and not with the more recent 
developments of the " Harrison/' " Sperry," and '* Beck '* 
projector lamps. It is hoped, however, that the test results 
obtained from the actual working of these latest designs of 
projector lamps with largely increased powers of illumina- 
tion will be published in a future edition. 

Numerous experiments have been carried out with 
carbons of special construction, in order to obtain a 
higher illumination with a given power consumption« 
M. Jean Bey has informed me that Messrs. Harl6 & Co. 
have now succeeded in manufacturing special carbons 
which will bum in a standard form of projector lamp, and 
the resultant illumination is from three to five times that 
obtained with ordinary carbons with the same power 
consumption. 

Owing to Government restrictions at the present time it 
is impossible to give further details in this edition. 

J. H. JOHNSON, M.Inst.E.E., Assoc.A.LE.E. 
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RANGE OF ELECTRIC SEARCHLIGHT 

PROJECTORS 

PART I 
The Illumination from Electric Searchlight Projectors 

CHAPTER I 

DBTERMINATION OF THE LUMINOUS FLUX EMITTED BY 

THE ELECTRIC ARC 

General Observations. — The source of light in 
modern searchHghts is created by an arc lamp, the carbons 
of which are horizontal and placed within the principal 
focal axis of the mirror or reflector. The positive carbon 
is fitted at the front end of the projector and the negative 
carbon (of a smaller diameter) next to the mirror, so as to 
micover as much of the luminous crater of the positive 
carbon as is possible. The volume of light is almost entirely 
given out by the incandescent crater, and the luminous flux 
due to the flame or to the incandescent point of the nega- 
tive can be ignored in practice. 

For many years, from the time of the invention of 
searchlights by M. Louis Sautter in 1867 until the year 
1895, the lamps of searchlights were arranged with inclined 
carbons. The utilisation of the luminous flux, especially 
with a long focal length, was more advantageous than with 
horizontal carbons, but the work of regulating was more 
delicate and demanded a more expert staff. That is the 
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2 RANGE OF ELECTRIC SEARCHLIGHT PROJECTORS 

reason why horizontal carbons have superseded the inclined 
carbons. 

Attempts have recently been made, by the use of carbons 
of a special composition, to obtain a crater as concentrated 
as possible, and with the help of negative carbons of small 
diameter and heavily coppered it has thus become possible 
to increase the total useful luminous flux to quite a con- 
siderable extent. On the other hand, these carbons of small 
diameter rapidly bum away, which has necessitated the 
manufacturers of searchlights to make use of special devices, 
such as the glimmer hght, in order not to seriously reduce 
the burning hours and to avoid frequent attention to the 
renewal of the burnt-out carbons. 

The radiation from the crater of a positive carbon is in 
general accordance with a well-known law, called the 
" Lambert Law." The light intensity in every direction 
of space, is equal to the product of the mean intrinsic 
brilliancy of the luminous crater (obtained by its projection 
on a plane perpendicular to the given direction) and the 
area of the crater. 

When the luminous intensities of an electric arc are 
measured according to the various directions in space, it 
will be seen that the numbers group themselves per- 
fectly, according to the Lambert Law, in every part of 
the space where the shadow of the negative carbon 
and holder does not exist — ^that is to say, up to approxi- 
mately 40® to 45® of the vertical plane perpendicular to 
the axis of the carbons. From the moment that the influ- 
ence of the negative begins to be felt, the luminous flux 
emitted by the arc is partially obscured, and when at tlie 
position of the axis of the carbon^, that is to say to the 
mirror, the amount of light received is practically nil, as 
at this point the shadow of the negative forms a complete 
screen. 
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CuKVB OP THE Distribution in Space op the Luminous 
Flux emitted by an Electric Arc. — Two methods may 
be followed for the measurement of the luminous flux 
emitted by an electric arc 

The first consists in measuring the average specific 
brilUancy of the crater and its surface ; the other, the 
intensity according to the various directions in space. 

The first method gives an estimate of the luminous flux, 
which is more theoretical than practical, for it assumes 
that the flux emitted by the crater is distributed in space as 
if the negative carbon had been suppressed. It may 
therefore be said that it gives the measurement of the 
luminous flux emitted by the arc, but part of this flux 
is always obscured by the negative carbon. 

The second method leads to an estimate of the luminous 
flux as it is received by the reflector at its solid angle of 
contact. 

First Method. — ^Measurement of the Brilliancy and 
OP the Crater Area. — Li a note which we presented in 
July, 1902, to the International Society of Electricians in 
Paris, we summarised the principal works, which had 
already been published at the time, dealing with the intrinsic 
briUiancy of the large continuous current arcs. 

In this survey we also gave an account of our own experi- 
ments carried out in the laboratory of the Sautier-Harl6 
Works. 

By large continuous current arcs we mean those arcs 
which exceed, say, 10 amperes, i.e., arcs other than those 
used for industrial and public Ughting. In practice, search- 
li^t arcs are never below 25 or 30 amperes, and they are 
used up to 200 and even 250 amperes, more especially 
for those searchlights employed in the fortification works 
along the coasts. 

B S 
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In the afore-mentioned note we pointed out the methods 
which have enabled us to measure the intrinsic brilliancy 
of an electric arc. These methods, which Professor Blondel 
was the first to bring forward and which he had already- 
applied in respect of arcs of less importance, have enabled 
us to determine the brilliancy of the crater. 

We have thus ascertained that this brilliancy varies 
with the intensity, and that it increases to a certain extent 
with the same carbons, if the current is increased. 

This increase of the brilliancy with the current, which 
we have always confirmed in the numerous measurements 
carried out since the previously mentioned note, had already 
been observed by various authors. It is indisputable (at 
least in so far as the human eye is concerned when taken 
as a measuring apparatus) that the photometrical value of 
the brilliancy is the only one of interest from the point of 
view of miUtary searchlights. 

However, the methods employed for measuring the 
brilliancy to which we have just alluded all admit a certain 
element of uncertainty, which may introduce considerable 
variations in the numerical results obtained. Whatever 
may be the method followed, it is most difficult, when 
measuring the intrinsic brilliancy of a crater, to determine 
its actual average value. The operator always endeavours 
to place his measuring apparatus in the most brilUant section 
of the luminous flux which is projected. This leads to a 
tendency to increase the figures obtained for the average 
brilliancy. 

The best method consists in replacing the photometer 
by a photographic plate, provided that the latter possessed 
the same scale of sensibility as the retina, and did not 
subsequently make it necessary to use special photometers 
for the measurement of the tints obtained. 

It may therefore be said, that the measurement of the 
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average brilliancy of the crater is always adversely affected 
by a coefficient of error, often very high, and which in itself 
largely varies with the observer. 

The calculation of the luminous flux, based on the 
measurement of the brilliancy of the crater, therefore par- 
ticipates in the same uncertainties as that measurement 
itself. For this reason we have recognised that it is prefer- 
able in calculating the average brilliancy to measure the 
actual flux and more especially the total theoretical flux 
emitted by any given crater, assuming the suppression of 
the shadow from the negative carbon. 

It is therefore this second method which will now be con- 
sidered. 

The value of the average intrinsic briUiancy of the crater 
of an electric arc varies, not only with the intensity of the 
current, as we have previously observed, but also with the 
diameter of the positive carbon and the amount of electric 
energy absorbed by the arc itself. 

These various points render the determination of the 
value of the intrinsic briUiancy far more complex, and it is 
only by taking them into account that it becomes possible 
to explain certain anomalies, which we have ascertained 
during our preceding experiments, without being able to 
find out their cause. 

In order to calculate the theoretical flux it is necessary 
to know the working area of the illuminated crater. The 
determination of the working area of a crater in any given 
case — ^that is to say for a positive carbon, the diameter 
of which is known and for a given intensity — ^is not an easy 
measurement, as might be supposed. It is always a delicate 
matter to estimate the illuminating surface of a crater, or, 
rather, of its section, projected on a plane perpendicular 
to the axis of the carbon. The brilliancy of the crater is 
not the same over its whole area ; it is always somewhat 



6 RANGE OF ELECTRIC SEARCHLIGHT PROJECTORS 

less in the central portion, which corresponds to the core, 
as cored positive carbons are the only ones adopted for 
searchlight lamps. On the extreme edges of the crater 
the brilliancy rapidly lessens, but there is a well-defined 
limitation between the Ughtin^ part and the non-lighting 
extremity. It is therefore necessary to take a large 
number of average values when projecting the reflec- 
tions of the crater on to a screen by means of a prism 
or a lens, and account must be taken of the angle of the 
reflection. 

During the last two years we have had occasion to carry 
out some very complete series of experiments, comprising 
more than one thousand measurements of photometrical 
intensities. 

During the whole of these experiments we have estab- 
lished the dimensions of the crater, and we have fixed 
the averages, which cannot differ greatly from the exact 
values. 

We have thus been able to determine the empirical 
relation which determines the dimension of the working 
area of the crater for a given diameter of the positive 
carbon and a given intensity. This relation, moreover, 
is identical with the empirical formula established by us 
in our note of 1902, only that the coefficient has been 
determined with greater exactness. We shall refer to it 
again later. 

Second Method, — Measurement of the Intensity 

AOOORDING TO THE VARIOUS DIRECTIONS IN SpACB. 

Several different methods may be employed for the 
measurement of the intensity of an electric arc, according 
to the various directions in space. 

An attempt may be made, with the aid of the lumen- 
meter conceived by Professor Blondel, to measure in a 
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specified solid angle the whole of the luminous flux which 
it encloses, 

. On the other hand, one can measure the intensity accord- 
ing to the principal directions in space by using a set of 
mirrors, which reflect on to the photometer the rays they 
receive according to the various directions. When mirrors 
are used it is necessary first of all to measure their efl&- 
ciency. 

By taking suitable precautions to always simultaneously 
measure the luminous intensities photometrically in two 
directions, which are synametrical in relation to the axis 
of the carbons, so as to take into account the variations of 
the arc and the angle of the crater, an experienced operator 
succeeds in estabUshing averages which never vary by more 
than 1 to 2 per cent. 

La Pig. 1 are given the results of experiments carried out 
on an arc of 100 amperes, working at 54 volts at the ter- 
minals of the carbons. 

For these experiments the positive had a diameter of 
24 millimetres and the coppered negative 11 millimetres. 

The current intensities are shown every 10° from the 
axis of the carbons to a distance of 90° from this axis ; 
they are shown on the diagram at their average values in 
decimal candle-power. 

The intensity curve OM has the shape of an eUipse, the 
axis of which is at an angle of about 40° to that of the 
carbons. 

The direction of the axis of the carbons is shown by the 
straight line OBD ; OA is the line perpendicular to this 
axis. 

We have not taken into account a point measured at a 
distance of 90° from the axis of the carbons, on the straight 
line OA, where the intensity was not wiZ, but attained 
8,200 decimal candle-power. The intensity in that direction 
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is not produced by the crater, but by the point of the nega- 
tive carbon and, to a small extent, by the arc flame itself. 
We omitted this point as regards the intensity curve OM^ 
which is carried through the origin at the centre of the 
crater. 

It is easy to see that the first part of the intensity curve, 
on the side of the straight Une OA, and up to an angle of 
approximately 60°, calculated from OA, or at about 40®^ 
calculated from the axis of the crater, is almost exactly 
at a tangent to a circle passing from the origin 0, and having 
its centre at 0' on the straight line OB, that is to say the 
line of the axis of the carbons. In fact, if the negative were 
non-existent, the Lambert Law demands that the intensity 
curve shall be represented by a circle, with a diameter 
OBD. 

It can therefore be seen that the influence of the negative 
is not felt until 60® from the axis of the carbons. 

It is indicated at 0', on the straight line OB, the centre 
of the circle which would represent the theoretical emission 
of radiance according to the Lambert Law. 

Calculation op the Luminous Flux. — In order to 
calculate the luminous flux, the well-known construction 
indicated by M. Rousseau is applied. 

On a straight line A'B', parallel to OB, the points of the 
reference circle are projected every 10°. 

On each of the points projected, perpendicular straight 
lines A'B' are drawn, and on these is shown the value 
of the intensity corresponding to that direction in 
space. 

The working area thus obtained represents the luminous 
flux. 

It will be noticed that, if it is a question of the theoretical 
intensity curve (the negative being supposed to be removed)^ 
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i.e.y the circle OD, the corresponding working area of the 
luminous flux would be represented by a triangle, having 
as a base the projection OB and as elevation the maximum 
intensity given by the crater within the axis of the negative, 
supposing the negative to be removed. 

The actual curve is to a great extent identical with a 
straight line in the curve A'M'. As the point D' is not known 
d priori, it is easy to determine it on the diagram by cross- 
ing the straight line, which is exactly at a tangent to the 
curve A'M', such as shown on the drawing. 

It will be observed that we have caused the curve limit- 
ing the flux to pass as far as the point N on the straight 
line A'B', taking into account the flux suppUed by the point 
of the negative and the flame of the arc. 

In reality, this amount of light, represented by the 
triangle having as a base A'N, is never utilised in search- 
lights, because the amplitude of the reflector never attains 
180°, which angle would have to be exceeded in order to 
make use of this minimum portion of the flux. 

Once the curve of the flux has been traced and is squared, 
it is found that the surface A'M'B' represents a total flux 
of 107,184 lumens. The total theoretical flux <I>, supposing 
the negative to have been removed, that is to say the surface 
A'D'B', would equal 120,873 lumens. 

The ratio of these two quantities one to another repre- 
sents a proportion of 88*7 per cent. 

Ratio op the Practical Flux to the Theoretical 
Flux.— With ihe aid of this construction it is easy to 
measure the amount of real flux <p, which is emitted by the 
crater within a specified soHd angle, for mstance every 
lO"", and consequently to determine the value of the ratio 
of the real flux <p to the total theoretical flux <I> within a 
given angle. 
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The numbers thus determined are grouped in the follow- 
ing schedule : — 

Arc of 100 Amperes at 54 Volts. 

Ratio of the Prao- 
tioal Flux to the 
Theoretical Flax. 
LxTMBNS. Total. 

Per cent. • 

From 0^ to 10^ 1,524 1-26 

20^ 7,114 5-89 

80° 18,560 15-85 

40° 86,405 8018 

50° 56,864 46-60 

60° 75,588 62-50 

70° 92,030 76-20 

80° 102,564 84-90 

90° 107,184 88-70 

By analysing the numerous experiments which we have 
made during recent years, we have found that when thick 
negatives are used, the ratio K of the real flux within a 
specified solid angle to the theoretical flux is lower than when 
negatives of a smaller diameter are used. 

The following schedule shows the average values, which 
can be obtained with this ratio, for negatives having 
diameters in the proportion of 10 to 16 : — 

Ratio of the Practical Flux to 
the Theoretical Flux. 

Thick Small 

Negatives. Negatives. 

From 0° to 10° 00055 0008 

20° 004 004 

80° . . . . . . 018 015 

40° 0-26 0-29 

50° 0-40 0-46 

60° 0-56 0-62 

70° 0-69 0-76 

80° 0-79 0-86 

90^ 0-84 0-92 
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In the example of Fig. 1 it is seen that the proportion 
obtained is nearer the figures given in the last colamn, 
that is to say, those for arcs with small negatives. 
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taneously measure the value K of the ratio of the real flux 
to the theoretical flux for each soUd angle of contact. 
Fig, 4 shows the same diagram for a lamp with inclined 
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carbons, similar to those of numerous searchlights still in 
use in certain Navies. • 

These average results, which our numerous experiments 
have enabled us to determine, make it possible to calculate 
d ^priori for a specified arc and reflector the proportion of 
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the luminous flux received by the reflector, supposing the 
arc to have been placed at the focus of the mirror. Accord- 
ing as to whether the arc has been obtained with a thick 
or a small negative, one or other of the schedules given 
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above must be apphed, and also the diagram in Fig. 3. 
However, it is indispensablte that, when deahng with 
an arc which does not come within the conditions of 
the experiments already carried out, one should be able 
to calculate the total theoretical flux, which would be 
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supplied by this arc, the negative being assumed to be 
removed. 

The diagrams, such as those in Fig. 1, make it possible 
to determine the maximum intensity supplied by the crater 
within the axis itself of the carbons, supposing the negative 
to have been removed. 

If we take 

S to be the total working area of light of the crater, 

e, the average intrinsic brilUancy of the crater, 
the illuminating power or luminous intensity of the crater 
is represented by the value P = Se. 

The total theoretical flux O emitted by that crater is 
shown by the proportion O = nSe, which is nothing but the 
expression of the ratio of a body which follows the Lambert 
Law. 

The diagram in Fig. 1 enables the maximum intensity 
of tihe crater to be determined (that is to say the value Se) 
by the aid of the tangent to the radiance curve, which shows 
the position of the point D', and it will be seen that it is 
possible by measuring the straight line B'D' to deternaine 
the value of the maximum theoretical intensity. 

It is therefore possible to measure the total theoretical 
flux of a specified arc, provided one has measured its curve 
of intensity. 

By making this calculation on a large number of experi- 
mental curves, we have ascertained that the total flux of 
an electric arc is a direct ratio to the electrical energy 
absorbed at the terminals of the arc, that is to say, to the 
product of the intensity in amperes and the electromotive 
force at the terminals of the arc in volts. 

Proportion between the Total Theoretical Flux 
AND THE Electrical Energy. — Arcs of to 40 Amperes. — 
For small searchlight arcs from to 40 amperes, we have 



16 RANGE OF ELECTRIC SEARCHLIGHT PROJECTORS 

ascertained that the maximum luminous power of the 
crater was connected by the following proportion to the 
electrical energy absorbed by the arc, for a current density 
varying between 010 amperes and 0*20 amperes per square 
millimetre : — 

(1) P = 6-28 W - 700 

It is easy to deduce from this proportion the value of 
the maximum theoretical radiance in lumens, as shown by 
the following proportion : — 

(2) ^ == irP = 19-75 W ~ 2,200 

Arcs of 60 to 260 Amperes. — ^For more powerful arcs, 
the proportion becomes modified and is as follows, for a 
current density varying from 0*18 amperes to 0'16 amperes 
per square millimetre : — 

For the maximum luminous power, 

(3) P = 6-75 W + 8,100 
For the maximum radiance in lumens, 

(4) *= 18-06 W + 9,740 

It is therefore easy, with the aid of these proportions and 
knowing the power absorbed by the arc, to determine its 
maximum intensity, or its total theoretical flux. 

Once the flux has been ascertained, the schedules and 
diagrams already given make it possible to immediately 
deduce the practical flux for any given sohd angle in contact 
with the reflector. 

The empirical relations, which we have just set out, 
exactly reproduce the results of our experiments, allowing 
for errors which do not exceed 2-5 to 3 per cent. In practice 
therefore they may always be taken as examples. 
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Efpioienoy op an Electric Arc. — ^We call efl&ciency of 
an electric arc, the ratio of the total theoretical flux to the 
energy absorbed by the arc. 

This definition leads to the proportion P. = w 

If therefore the values given in the formul© (2) and (4) 
are appUed, it is easy to calculate the watt efficiency which 
is represented by a specified numerical value in lumens. 

For arcs up to 40 amperes, 

t»0\ 1 r\ mf^ 2,200 

(5) P = 19-76 - -^ 

For arcs exceeding 50 amperes, 

Q 740 

(6) P = 18-06 + ^ 

Let us apply this conception of efiSciency to small arcs. 
Taking for instance, an arc of 20 amperes at 45 volts at the 
terminals. 

According to formula (5), its efficiency p = I7*81. 

For an arc of 40 amperes at 46 volts, the efficiency p 
would be 18-56. 

Therefore by going from, 20 to 40 amperes, it is seen that 
the efficiency has increased in the ratio of these two numbers, 
namely by approximately 7 per cent. 

If we undertake the same investigation for large arcs, 
working at a high voltage, we obtain the following results : — 

For 50 amperes, 60 volts, p = 21-81 
„ 100 „ 68 „ p= 19-49 
„ 150 „ 75 „ P= 18-93 
„ 250 „ 80 „ P= 18-55 

Passing from 50 to 100 amperes, the efficiency therefore 
decreases by 8-5 per cent. 
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Passing from 50 to 150 amperes, the efiSciency decreases 
by 11 per cent. 

Finally, passing from 50 to 250 amperes, where the num- 
ber of amperes is five times greater, the efl&ciency decreases 
by 18 per cent. 

It is therefore seen that for small arcs the efficiency 
sUghtly increases with the intensity, whereas for large arcs 
it decreases, but not to any considerable extent. 

This may be explained with regard to the large arcs, by 
the fact that it is far more difficult in carbons of a large 
diameter to obtain a quahty equal to that of carbons of 
smaller diameter. In fact, it is known that the preparation 
and baking of positive carbons of large diameters is a far 
more deUcate undertaking than for snaaller carbons. More- 
over, in the case of large arcs, the formation of the crater 
is less regular, because part of its surface (by no means 
neghgible) is hidden by the edges and by the indentations 
they present. It is therefore not surprising that in large 
arcs the luminous output decreases with the intensity, 
whereas in the case of small arcs, up to 40 amperes, it has 
a tendency to increase. 

Illuminating Surface of the Crater. — The working 
area of the Ughting surface of the crater varies with the 
intensity of the current and the diameter of the positive. 

The empirical law, which we have been able to estabhsh, 
results from the following considerations : — 

We have first of all tried to ascertain whether the diameter 
of the negative exerted any kind of action on the working 
surface of the lighting crater, the diameter of the positive 
carbon remaining the same. 

We have therefore imdertaken a series of experiments on 
different diameters of positives, each successively burning 
with a series of negatives in decreasing diameters. 



K, 



^ 



LUMINOUS FLUX 19 

We have tested the following diameters for positives : 
80, 28, 26, 24, and 22 miUimetres, each one in turn with 
negatives of 21, 13, 12, 11, and 9 millimetres. 

We have also had a series of positives 24, 22, and 19 
millimetres burning with negatives of 16, 11, and 9 milli- 
metres. 

The total of these thirty-four series of tests, duly con- 
trolled, proved that the diameter of the crater remained 
unchanged for the same positive diameter and the same 
intensity, regardless of the diameter of the negative. In 
fact, the average errors in these measurements have not 
exceeded 3 '8 per cent., a variation which falls well within 
the range of observation errors. 

By comparing the dimensions of craters, obtained with 
the same intensity of current and the same negative, but 
with a different series of positives, we have ascertained that 
the diameter of the crater varies with the diameter of the 
positive carbon in proportion to the square root of the 
diameter. The total of the errors gives an average of 1-6 
per cent. 

Finally, by comparing the diameters of the craters having 
the same pair of carbons, but with a varying intensity of 
current, it was found that the diameter of the crater varied 
in proportion to the square root of the current. 

The empirical law which results from these observations, 
and which connects the diameter 8 of the crater to the 
diameter D of the positive and to the intensity I, is given 
by the following proportion : — 

(7) 8 = a VDI 

in which a is a constant. 

A general verification of this law became imperative, and 
it was carried out on arcs the intensity of which varied 
from 6 to 200 amperes, with positive carbon diameters 

c 8 
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measuring from 6 to 44 millimetres. We thus recognised 
that the constant a of the preceding formula was really 
represented by the value 0*344, the diameter of the crater 
being given in millimetres, as is also the diameter D of 
the positive ; the intensity of the current being given in 
amperes or 

(7) 8 = 0-844 Vm 

From this formula it is possible to calculate the working 
surface of the crater, which is as a rule a circle, and is 
represented by 

(8) S = 0-093 DI 

Observations carried out more than twenty years ago 
on the craters of electric arcs agree with the formula (7) 
to within 2 to 3 per cent,, which may be*considered to be 
perfectly satisfactory. 

General Proportion defining the Luminous Power 
OP AN Electric Arc. — If the law which gives the working 
area of a crater is compared with the empirical law pre- 
viously mentioned for the value of the maximum intensity 
P or the luminous flux <P, a general proportion may be 
established between the average intrinsic brilliancy of the 
crater, the diameter of the positive, the intensity of the 
current, and the voltage at the terminals. It must, how- 
ever, not be forgotten that the value of the total luminous 
flux does not depend on the intrinsic brilliancy, but that it is 
a function of the electrical energy W absorbed by the arc. 

As a matter of fact, we have found that, as a rule, 

(4) 4> = irSe = rnW + n 

and, on the other hand, 

S = feDI'orfe=5a2 

4 
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from which results 

1TD iro no m) 

or 

(9) eDI = aEI + ;8 

The general formula thus set oat has four variables. 
From it can be deduced the value of the intrinsic bril- 
liancy by the proportion : 

(10) ^=4+wi 

It is therefore clear how complex is the conception of the 
intrinsic brilliancy, seeing that it depends, at one and the 
same time, on the diameter of the positive carbon, the inten- 
sity of current, and the voltage. 

The empirical proportions indicated, which are merely 
the results of observations, prove that the intrinsic bril- 
liancy decreases with the increase of the current intensity 
and of the diameter of the carbons used in practice. The 
experience which has made it possible to determine th 
diameters used for the entire series of searchUghts, from 
projector mirror of 30 centimetres to one of 2 metrei 
proves that the intrinsic brilliancy of the crater decreasei 
passing from the small arcs to the large arcs {density froi 
0-18 ampere to 0-15 ampere per square millimetre for lo' 
voltage carbons, 0-21 ampere to 0-22 ampere per squai 
millimetre for high voltage carbons). Owing to the seri* 
of carbons having been arranged to be operated at the san 
current density or with sUght variations, it may be said tht 
for a given current density the intrinsic brilliancy decreasi 
with the intensity, when increasing the size of the pn 
jectors. At first sight it seems difficult to explain this 
but it is apparently due to the defects in the manufactui 
of carbons of large diameters. For instance, in large ar< 
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of more than 130 amperes it is very difficult to obtain steady 
burning ; the arc frequently begins to hiss, it wanders round 
the carbon and the crater becomes deeply hollowed, prob- 
ably owing to an inferior core, which becomes decidedly 
more pronounced in the case of large diameter carbons. 

Many years ago M. Blondel proved that as soon as an 
arc begins to hiss its luminous intensity decreases to a 
considerable extent. The average of the photometrical 
tests given in the preceding formulae takes into account 
these defects in arcs of high intensities. 

If it were possible to give a greater stability to large 
arcs and to obtain more shallow and less irregular craters, 
either by modifying the composition of the core or of the 
carbon or by some outside physical action, it is certain that, 
instead of diminishing with the increase in the carbon 
diameter and the current density, the intrinsic brilliancy 
would riemain unchanged or would even increase. 

From this it will be apparent that there is opportunity 
for considerable improvement in the burning oi large arcs, 
which would lead to the more frequent use of large search- 
Ughts. 

The empirical law (previously referred to) gives the follow- 
ing values for small arcs, up to 40 amperes : — 

a = 67-6 i8 = - 7,500 

The formula having three variables is therefore numeri- 
cally as follows, 

(11) 6DI = 67-6 EI - 7,500 

For large arcs, from 50 to 150 amperes, the values of the 
coefficients are the following : — 

a =61-8 i8= 33,300 

The formula is therefore as follows, 

(12) cDI= 61-8 EI + 83,800 
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CHAPTER II 

theoretical illumination obtained with a specified 

reflector 

Calculation op the Flux obtained with a given Size 
OF Reflector. — ^With the assistance of the empirical 
rules previously given, which practically represent the 
average of a very large number of experiments, it is possible 
to calculate the luminous flux 9 which falls on a reflector 
of known dimensions. The results of these calculations have 
been summarised in Tables I. and II. 

We have taken as a basis a series of reflectors having, 
diameters varying from 0'80 metre to 2 metres, and we have 
indicated for each diameter of reflector the values of the 
luminous flux corresponding to three different focal lengths. 
The first is the shortest and equals one third of the reflector 
diameter, the second is equal to 40 per cent, of the diameter, 
and the third 60 per cent, of the diameter. 

We have made these calculations, firstly, for a series of 
low voltage arcs, and, secondly, for a series of high voltage 
arcs. The numerous experiments have clearly shown to 
what extent the voltage increases the luminous flux received 
by any given reflector. The only objection to the use of 
high voltages is that it necessitates the use of carbons of 
special construction and quality and difficult to obtain. The 
combustion is more rapid and entails more frequent 
renewals unless some special device, such as the glimmer 
light, is employed. 

Average Theoretical Illumination. — We term the 
average theoretical illumination to be the zone in contact 
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with the beam of Ught from a searchUght at a specified 
distance Z, assuming the efficiency of the reflector to equal 
unity, that is to say, by supposing that it reflects without any 
loss whatever the whole of the luminouB flux it receives, 
and that the atmospheric transparency is perfect, so that 
no fraction of the flux becomes absorbed during the pro- 
jection of the beam of hght. 

The calculation of the average illumination is based on 
the supposition that the luminous flux is distributed in a 
uniform manner throughout the whole extent of the reflected 
beam of Hght. 

In M. Blondel's book on the " Theory of Searchlights," 
pubhshed in 1894, it is emphasised that when the source of 
hght is placed at the focus of a perfect reflector, the hghting 
of the right section of the beam of light is composed of a 
central zone, which is uniformly hghted at a maximum 
intensity, and of a marginal zone, in which the hghting 
decreases from the centre to the outer periphery. 

This method of considering the illumination from a 
searchhght is absolutely correct from a theoretical point 
of view, and gives good results for searchhght^ having a long 
focus, which were the only ones in use some twenty years 
ago. With searchlights having a short focal length it is 
necessary to allow for the average total flux. The observer 
who is operating the searchlight endeavours to obtain a 
beam of uniform illumination, and adjusts the lamp imtil 
it is ascertained that the section is uniformly illuminated and 
the maximum visibihty obtained. 

One may therefore, without any appreciable error, 
consider the illumination of a beam of light as an average 
illumination, the whole of the reflected flux being uniformly 
distributed over the working area of the zone illuminated. 

With searchhghts having a short focal length, the average 
illumination thus calculated is less than the maximum 
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at the axis of the beam of light obtained by placing the 
source of light at the focus. The average illumination, 
however, always remains in proportion to the maximum 
illumination at the axis. 

Calculation of the Flux Angle utilised by the 
Reflector. — If we call A the diameter of the parabolic 
reflector and / its focal length, it may be assumed that : — 

A = 2/x/ or 2/=/i/ 

y being the half-diameter of the reflector and /x a coefficient 
to be determined. 

If we now call 2<r the total flux angle in contact with the 
reflector, the equation of the parabola gives us 



y^ — 4tfx and 
from which is obtained 
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This formula therefore enables us, for a specified focal 
length, to calculate the flux angle utilised by the reflector. 

In the following tables we have assumed three different 
focal lengths : — 
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thereby giving a utilised flux angle of 
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In this second hypothesis the focal length equals 40 per 
cent, of the diameter. 
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Deduced from this 

tr. 120 

•which gives as the utilised flux angle 

<r = 45°14'-4 
2o- = 90°28'-8 
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In this last hypothesis the focal length equals 60 per cent, 
of the mirror diameter. 

If we now refer to Fig. 3, which shows, for lamps with 
horizontal carbons, the ratio of the practical luminous 
flux 9 to the theoretical flux ^ in respect of each angle of con- 
tact, it will be possible to calculate either for a low voltage 
arc having a large negative, or for a high voltage arc having 
a small negative, the ratio of the utilised flux to the theo- 
retical flux for each of the three focal lengths previously 
referred to. 

A summary of the result of this calculation is as follows : — 







Values of K = ■ 
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fi = 1-60. 


f = 0-40A 
/I = 1-25. 


f = O-60A 
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Tiarge negatives. 
Low voltage. 

Small negatives. 
High voltage . . 


0-7875 
\ 0-8075 


0-6175 
0-685 


0-884 
0-8825 



General Formula showing the Average Theoretical 
Illumination. — From the above considerations it be- 
comes possible to calculate the average illumination c, 
at a specified distance ?, for a reflector of given diameter 
and focal length, the efl&ciency of which is assumed to be 
equal to unity. If c is the average illumination at a 
distance I, 

d the diameter of the Ughted zone at a distance I from the 
reflector, 

<P the Ught flux falling on to the reflector, 

8 the diameter of the crater, 
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then 
(14) f = | d^d 



from which is deduced : 






But as 



__9 4 If 

Vf 
(15) ., = 1-273 9^^ 

Assuming the distance I to be equal to 1,000 metres, the 
following formula will result : — 



(16) e,ocK,= l-278 9^j^ 



6 



In this formula the flux 9 is given in lumens. The ratio 
of the focal length 4 to the diameter of the crater must be 

given in the same units of measurement. 

With the aid of this formula, we have calculated the values 
given in the three last colunms of Tables I. and 11. 

We would again mention that these theoretical values 
of the illumination at a distance of 1,000 metres do not take 
into account either the efficiency of the reflector or the 
absorption due to the atmosphere. We shall point out later 
how they are to be corrected, but without correction the 
values are highly instructive and show the rapid increase of 
the illumination with the diameter. They also clearly explain 
the influence exerted by the focal length on the illumination. 

The value of the average illumination increases when 
changing from a very short focal length equal to a third 
of the mirror diameter, to a relatively long focal length. 
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equal to 60 per cent, of the diameter. It raay be asked 
whether this increase would continue if the focal length 
were further increased. 

A fairly simple calculation shows that there exists a 
focal length which corresponds to the average illumination. 

Maximum of the Average Theoretical Illumination. 
— If reference is made to formula (15), showing the average 
illumination at a distance I from the searchlight, it will be 
seen that, for the same diameter of reflector and the same 
arc, the value of the average illumination varies with the 
product 

This product may be expressed in another way, by intro- 
ducing the angle of the utilised flux 2a-. 
In effect, one has 

A = 2/x/ and tffo- = j^ ^ 
from which is deduced 

^ , / v^I + tgV - 1 ) 
or 

o I — cos O" 

u = 2 : 

sm a- 

or 

. . I — cos 0" / / A sin or 

sm or -^ "^ 4 I — cos or 

By combining this formula of the focal length to the 
formula for the illumination the following general formula is 
obtained : — 

It is therefore seen that, in this expressioji, when the 
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focal length is made to vary, the only expression which 
varies is 

sin o \ 2 -^ _ / sin a \ 2 



9 



/ sma )'^K^( sma V 
M — cos (jf M — cos o/ 



cos a/ \i — cos <r> 

It is easy to calculate the value of this product, as the 
curves of Fig. 2 provide for each value of the angle <r, the 
value of the ratio K of the utiUsed flux <p corresponding to 
the th^retical flux <P. 

From the above, it is possible to draw up the following 
table, in which is shown both for arcs with large negatives 
and low voltage and also for arcs with sniall negatives and 
high voltage, the value of the product : — •' 

M — cos oJ 

Table III. 



Value of <r 



Value of the Product K / ^^ ^ V. 

Vl — COB tr/ 



Large Negatives, 
Low Voltage. 



Degrees. 
10 
20 
80 
88 
40 
42 
45 
50 
55 
60 
70 



Small Negatives, 
High Voltage. 



0171 


0-652 


1-256 


1-449 


1-807 


1-938 


1-958 


2189 


1-958 


2-200 


1-945 


2-203 


1-920 


2182 


1-840 


2100 


1-775 


1-975 


1-680 


1-845 


1-407 


1-560 



If the figures in the second column of Table III. are 
examined, it will be found that for low voltage arcs the 
maximum of the product, that is to say of the illumination, 
is given by the total flux angle. 
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This angle corresponds to a focal length equal to 0-687 
of the mirror diameter. 

For high voltage arcs the half-angle of the utiUsed flux <x, 
corresponding to the maximum illumination, is approxi- 
mately 42^, or 84° for the whole angle. This value of a 
corresponds to a value of the focal length equal to 0*664 
of the mirror diameter. 

In modem searchUghts the focal length is generally 
below that which would correspond to the maximum 
illumination. 

In the case of large projectors it is necessary to mind that, 
if the focal length is increased until the indicated Umit is 
reached, the result will be that the diameter of the beam 
of light will be reduced too much and the beam will no 
longer illuminate a sufl&ciently extensive field. As a rule 
the value of the focal length is generally between 40 and 50 
per cent, of the mirror diameter. 

The German firm of Schukert some twenty years ago 
originated the idea of projectors having short focal lengths. 
The various articles written by the engineers of this firm 
were freely distributed to the miUtary experts of the whole 
world and contained many erroneous theories, one of which 
was that the illumination would gradually increase as the 
focal length is reduced. The Germans, however, have since 
given up the use of searchlights with short focal lengths 
equal to one third of the mirror diameter and even less 
and in their present construction they employ a focal length 
equal to 40 per cent, of the mirror diameter. 

It is not inexpedient to state that Colonel Mangin for 
more than twenty years used in his celebrated mirrors a 
focal length of about 70 per cent, of the diameter. 

Width of the Illuminated Zone. — By referring to 



B.P. 
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Tables I. and II., and with the aid of formula (14), it is 
easy to calculate the total width of the zone illuminated 
for various sizes of searchlights and focal lengths, with 
due consideration to the area of the positive carbon 
crater. 

In Table IV. these values are given, assuming the observer 
to be situated at a distance of 1,000 metres from the search- 
Ught. In practice, when the atmospheric transparency is 

Table IV. 



T\l _ _. . A__ 


Diameter of the ZSone Illaminated at 1»000 metres from the 

Searchlight. 


Diameter 

of the 

Mirror. 


Low Voltage. 


High Voltage. 




A = 3/. 


A =. 2-6/. 


A » 1-666/. 


A -3/. 


A = 2-6/. 


A = 1-666/. 


Metres. 
0-80 
0-40 
0-50 
0-60 
0-76 
0-90 
1-10 
1-20 
1-60 
200 


Metres. 
45-00 
67-70 
68-40 
64-00 
57-60 
57-66 
51-80 
51-00 
5200 
89-00 


Bfietres. 
87-50 
48-10 
5700 
58-88 
4800 
48-10 
42-70 
42-50 
48-88 
82-50 


Metres. 
2500 
8210 
8800 
85-55 
8200 
82-00 
28-50 
28-85 
28-88 
21-67 


Metres. 
6000 
6800 
69-60 
64-50 
67-60 
6000 
56-80 
57-80 
51-40 
48-20 


Metres. 
60-00 
62-50 
5800 
58-80 
48-00 
5000 
47-80 
48-10 
42-80 
86-00 


Metres. 
88-88 
85-00 
88-70 
85-90 
82-00 
88-88 
81-50 
82-10 
28-50 
24-00 



small, the width of the illuminated zone at the Umit of the 
range is somewhat reduced, that is to say, the eye which 
observes the illuminated field appears to be smaller than it 
actually is. On the other hand, in the immediate vicinity 
of the searchlight, say up to a distance of 500 to 600 metres, 
the diameter of the zone illuminated is greater than that 
indicated by theory, owing to the auxiliary or parasitic 
luminous flux from the negative carbon and the arc flame 
which the atmospheric absorption causes to disappear at 
a short distance. 



CHAPTER III 

EFFICIENCY OF ELECTRIC SEARCHLIGHTS 

The efl&ciency of an electric arc searchlight may be 
strictly defined as being the ratio of the luminous flux, 
projected at a distance by the apparatus, to Ihe luminous 
flux emitted by the electric arc and received by the reflector. 

The difference between these two luminous fluxes repre- 
sents the actual losses of the apparatus ; these losses are of 
various kinds : — 

The first is due to the reflector itself, which absorbs a 
certain quantity of the incident flux received, for which the 
angle of reflection is consequently never equal to unity. 
There are, however, other losses caused by the inevitable 
shadows due to the lamp itself and to the plain front glass 
door of the seaxchUght, and, finally, to the flashing or 
signalling shutters in those searchlights provided with this 
device. 

The sum of these individual losses makes up the total 
loss, and in order therefore to ascertain the total luminous 
efficiency it is necessary to find the product of the efficiencies 
of the various parts of the projector. 

Epfioienoy op the Reflecting Mirror. — The mirrors 
used in electric searchlights are of two kinds, i.e., mirrors of 
silvered glass and gilded metal mirrors. 

The mirrors of silvered glass are either of the Mangin or 
of the paraboUc type. The gilded metal mirrors are para- 
boloids of revolution cut from a single surface. 

Briefly, the term " efficiency " of a reflecting mirror is 
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the expression of the ratio of the reflected flux to the 
incident flux. 

In Chapter I. was shown the method of calculating the 
flux emitted by an electric arc within a specified solid 
angle. With the help of the empirical law set forth, it is 
easy to calculate the amount of luminous flux caught by a 
given reflector from an electric arc of specified dimensions 
and powers. 

The reflective power of the mirror must now be deter- 
mined, and for this we have made use of two methods. 

The first is based on the use of an apparatus termed 
a ** reflectometer," which makes it possible to measure 
the power of reflection at any given point on the mirror. 
For this purpose a source of Hght as constant as possible, 
such as for instance an electric incandescent lamp, is placed 
before the reflector. The reflectometer, on the one hand, 
receives on a ground glass plate the rays reflected by the 
mirror, and on the other hand, on another identical plate, 
the direct rays coming from the source of light. The incan- 
descent lamp must be adjusted until the intensities of the 
two illuminated areas are equalised. The efl&ciency is 
directly obtained from a graduated scale. The adjustment 
of the electric lamp brings it nearer to the reflector and 
shortens the path followed by the reflected rays, but 
lengthens the path traversed by the direct rays. This 
method is fairly accurate, and it enables an expert observer 
to determine the reflective power of a mirror to within 
1 per cent. 

The second method, due to M. Blondel, consists in light- 
ing the mirror by means of an electric arc placed at its 
focus. The luminous flux reflected is caught on a sheet of 
paper at the front of the searchlight barrel and a photo- 
meter is placed at a known distance from the sheet of 
paper. The photometric intensity of the illuminated 
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disc is then measured, as if it were a primary luminous 
source. 

In a second experiment the light rays from the electric 
arc are directed on to the sheet of paper, enclosing them 
in such a manner as to preserve the same solid angle for 
the luminous flux. The luminous intensity of the disc is 
measured as in the first experiment. 

The ratio of the first measurement to the second gives 
the efl&ciency of the reflecting mirror. 

These two methods, which have been applied to gilded 
metal mirrors as well as to parabolic mirrors of silvered 
glass and to glass mirrors of the Mangin type, have given 
results which are entirely in agreement. An average value 
for the power of reflection of a gilded mirror may be said to 
be 85 per cent. 

A parabolic mirror of silvered glass, the thickness of 
which does not exceed 10 millimetres, has a reflective power 
of 87 to 88 per cent. In order to obtain these results, 
however, the silvering must be in a perfect state of preser- 
vation, which may not be the case after a certain period of 
working. 

As regards the Mangin mirror, the thickness of the glass 
at the edges tends to sUghtly decrease the efl&ciency, which 
for mirrors of short focal length does not exceed on an 
average 88 to 84 per cent. 

As a general rule, it is not imusual to calculate on a 
power of reflection of 85 per cent, for a mirror in good 
condition. 

Calculation op the Efficiency. — It is not impossible 
d priori to calculate the efl&ciency of a reflector, but con- 
siderable care is required, and also it is necessary to be 
acquainted with several coefl&cients. 

As regards gilded metal mirrors, the metalUc reflection 
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on the gold varies with the different wave lengths. Thus, 
various physicists have found that, for a wave length of 
450, corresponding to extreme violet, the power of reflection 
falls to 87 per cent., and for dark red with a wave length 
of 700 it increases to 92*8 per cent. 

By taking the wave length which corresponds to yellow, 
i.e.f about 600, it is found that the power of reflection is 
between 85 and 86 per cent. For a wave length of 650 it 
increases to 88 per cent. 

It is therefore not surprising that the value of 88 per cent., 
which has been proved by practical tests, closely agrees with 
the average of the reflective power for the various wave 
lengths of the different sections of the spectrum of an 
electric arc and also considering the distribution of their 
intensities. 

In the case of silvered glass mirrors the calculation is 
more intricate. At each of its points one may Hken a 
reflector of silvered glass to a plane mirror having parallel 
faces and silvered on the back one. 

If we call 

r the coefficient of crystalline reflection, which Fresnel 
makes use of in his calculations, *^ 

T the coefficient of the metallic reflection of silver on 

glass, 

a the coefficient of transparency of glass per centimetre, 
that is to say, the proportion of Ught which passes through 
each centimetre of glass, 

e the thickness of the glass, 
the general formula which gives the efficiency of a silvered 
glass mirror is : 

(17) . = T + iJ(L:zA^ 

This formula assumes that the rays reflected at the 
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penetrating surface of the glass are exactly utilised in the 
beam of light. 

Such a condition is not as a rule fulfilled, and only par- 
tially so in parabolic glass mirrors. In effect, a different 
curvature is required for the penetrating surface and for 
the reflecting surface of the reflector. In the event of none 
of these reflected rays, owing to their divergence, being 
utiUsed in the beam of light, the term r of the second item 
of the formula would disappear. In the event of only part 
of these rays being utilised, there would remain in the 
second item of the formula only a corresponding part of 
the term r. 

The coefl&cient of crystalline reflection made use of by 
Presnel, or the Fresnel coefl&cient, varies, as is well known, 
with the incidence. However, up to an angle of 80*^, this 
variation is very slight, and it may be admitted that this 
coefl&cient has a value, of 0° to 30® of incidence. 

r = 0-045 

The loss by reflection at the passage of each crystalline 
surface is therefore approximately 4^5 per cent. 

Numerous tests have been carried out to cletermine the 
coefl&cient a, relating to the transparency of the glass used 
in reflecting mirrors, and the mean of the resultant tests 
show that 

a = 0*992 per centimetre. 

As regards the coefl&cient t oI the reflection on jthe silvered 
surface, it varies with the wave length, as is the case with 
the reflective power of all metals. It is known, however, 
that for silver this variation is slight, changing from the 
value of 0-906 for the most refrangible radiations to the 
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value 0-946 for extreme red, that is to say, an average of 
from 92-6 to 93 for the most highly illuminating central 
part of the spectrum. 

A mean average value of the coefficient r can be taken 
as 0*93, assuming, of course, that the silvering is in perfect 
condition. 

If these three values are introduced into the preceding 
formula, it is found that, for a parabolical glass mirror 
having a thickness of 1 centimetre, the total efficiency is 

P = 0-915 

However, as previously stated, formula (17) assumes 
that all the rays reflected at the entry of the glass remain 
within the beam of light, a condition which is far from 
always being reaUsed. Where it is not realised, the 
value r disappears and the total efficiency falls to 87 per 
cent. 

Efficiency of the Front Glass. — The plain glass 
pane, which is placed at the front of the searchhght, is 
also a cause of loss. The value of the efficiency is given 
(using the same notations as before) by the following 
formula : — 

(18) \= {l-rfa' 

^ ' '^ I - r2 (a')2 

By introducing into this value the coefficient given aboye, 

r = 0-045 a = 0-992 

the value of the efficiency is found to be p = 0-91 to 0-92, 
according to the thickness of the glass. 

A door of plain glass having a thickness of 5 milUmetres 
has an efficiency of approximately 0*911. 
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To the actual loss in the glass front must be added the 
loss caused by the joints and bevels of the glass panes if 
not in a single piece. This loss approximates 1 per cent. 

Shadow Losses dub to the Lamp. — The shadow effect 
due to the lamp is mainly caused by the metal rods which 
penetrate into the interior of the searchlight barrel, for regu- 
lating the movements of the carbons and to adjust their 
position. 

There is a loss of light due to the limbs of the carbon- 
holders and to the carbon-holders themselves, also to the 
apparatus for catching the pieces of coalescent carbon for 
protecting the mirror, and to the flexible cable which con- 
nects the carbon-holders to the lamp. 

These losses of hght are all the more important in actual 
practice if the searchlight and the lamp are themselves of 
large dimensions ; relatively, however, the shadow tosses 
due to the lamp decreases in proportion to the increased 
size of the searchlight. 

Losses due to the Plashing Shutters. — In modern 
searchlights, more especially naval searchlights and the 
greater number of those used by the land forces, the light 
beam is as a rule masked by a system of louvre or flashing 
shutters, which, when closed, cover one another in such 
a manner as to prevent any leakage of light, and when the 
beam of light is exposed these shutters assume a position 
parallel to the direction of the hght beam. The thickness 
of the louvres or segments, and of the joints necessary to 
enable them to effectively cover each other, cause losses 
which are by no means negligible. 

Total Efficiency. — In Table V. is shown the luminous 
efl&ciency corresponding to each part of the searchlight 
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which causes a loss of light either through absorption or 
through shadow. This table is applicable to the various 
sizes of a standard series of searchUghts. The last two lines 
of the table give the total efl&ciency of the projector, with or 
without flashing shutters. 



CHAPTER IV 

PRACTICAL VALUE OP THE ILLUMINATION FROM SEARCH- 
LIGHTS 

Knowing the theoretical value €1,000 of the illumination 
from a searchlight, at a distance for instance of 1,000 metres, 
as set out in Tables I. and 11. , and with a knowledge of the 
total efficiency of each size of searchlight, it becomes an 
easy matter to calculate the value of the practical illumina- 
tion ^, that is to say of the resultant illumination, taking 
into account the losses of the individual parts of the search- 
light. 

In Table IV. are shown the values of the illumination for 
low and high voltage carbons, for a given size of searchlight, 
with three different focal lengths, corresponding to those in 
the preceding Tables I. and 11. 

It has also been shown that the value of this practical 
illumination for searchlights with and without flashing 
shutters is by no means a neghgible quantity. 

The values given in Table IV. may be used as a basis 
for the practical determination of the range of a searchhght, 
a calculation involving the consideration of various condi- 
tions and problems which will be dealt with in the second 
part of this Memorandum. 

If the practical values of the illumination given in the 
preceding table are examined, it will be seen that they in- 
crease regularly with the diameter of the searchlight. 

In Fig. 5 is shown the values of ^ corresponding to low 
voltage arcs with a focal length equal to 40 per cent, of the 
mirror diameter and without flashing shutters. The points 
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shown on this diagram are summarised in Tiable VI. Two 
different curves have been prepared passing through the 
greater number of the experimental points, the third being 
an average showing the minimum deviation from the 
various calculated values. 
The following is the equation of this curve : — 

(19) ^ = 0*00948 A *^*, where A is given in centimetres. 

It shows that the illumination ^ of the searchhghts 
increases less rapidly than the square of the diameter. 

Table VII. shows the deviations of this from the actual 
values. The average quadratic error does not exceed 
1'13 per cent. 

The statement is often made that the illumination 



Table VII. — ^Practical Illumination for a Series op' Search- 
lights WITH A Focal Length equal to 40 per cent, of the 
Reflector DiAifETER. 

The formula deduced from a logarithmic diagram is : 

^ = 0-00948 A^^. 



A 
In 


Asoer- 
tained. 


Calcu- 
lated. 


Difference. 


Difference 
per cent. 


Square 
of the 
Differ- 
ence. 


Bemarks. 


Centi- 
metres. 


+ 




+ 


— 


30 

40 

60 

60 

76 

90 

110 

120 

160 

200 


301 
4*80 
8-78 
1200 
17-66 
22-63 
31-78 
36-73 
49-20 
88-20 


3-29 
6-40 
7-93 
10-86 
16-92 
21-79 
30-76 
36-73 
62-44 
86-03 


0-28 
0-60 


3-24 


0-86 
1-16 
1*64 
0-74 
102 

217 


9-36 
12-6 

f» 

f> 

f> 

f» 

f» 

6-4 


9-76 

9-6 

9*36 

3-28 

316 

» 
>» 
2-46 


0078 
0-360 
0-722 
1-32 
2-69 
0-647 
1-040 


10-6 
4-72 


Ayerage square = 
12-977 

10 

Average error s 
V" 1-2977 = 1136. 








28*26 


37-69 


12-977 





Average arithmetic error per cent. =s 0-934. 



Average quadratic error : V*l-2977 a M36. 
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increases with the square of the mirror diameter, but, as 
previously indicated, the actual increase is not so high, 
although it approaches this ratio. 

Fig. 6 has been drawn under the same conditions, but for 
a high voltage series of searchlights without flashing 
shutters and focal length equal to 60 per cent, of the dia- 
meter. (See Table VI.) 

The following is tjie equation of the curve which corre- 
sponds to the minimum deviations : — 

(20) €, = 0-02305 Ai^2 

where A is given in centimetres. 

It is rather remarkable to realise that the illumination is 
a function of the same exponential as the diameter of the 
reflector. 



Table VIII. — Practical Illumination for a Series of Search- 
lights WITH A Focal Length equal to 60 per cent, of the 
Reflector Diameter. 

The formula deduced from a logarithmic diagram is : 
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p = 002805 A*^. 
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Difference. 
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me- 












tres. 
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30 


716 


707 




0-08 




1-16 


0-006 




40 


11-97 


11-59 


— 


0-38 


.i— . 


317 


0144 




60 


17-37 


17-02 


.— 


0-36 


— 


2-01 


0-122 




60 


24-60 


23-28 




1-32 
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5-36 


1-74 




75 


35-90 


34-17 




1-73 


— — 


4-82 


3-00 




90 


46-75 


46-75 
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63-70 


66-03 


2-33 
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3-66 
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5-42 
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71-00 


76-69 


6-69 
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8-00 


>t 


32-3 
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2-27 
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6-25 




200 


181-60 
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184-60 


31 




1-71 
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15-64 


16-52 


68-582 





Average arithmetic error per cent. r^r = 0*088. 

Average quadratic error : ^6-85 = 2-42. 
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The deviations of this curve from the experimental 
points have also been shown in Table VIII., the average 
quadratic error being 2*42 per cent. 

In Fig. 6 is shown a curve of tha ranges for the same 
series of seeurchUghts, to which reference will again be made 
in the second part of this work. 

Thb Influence of the Current, Voltage and the 
Diameter of the Positive Carbon on the Practical 
Illumination of Searchlights. — It mav be asked what 
is the influence of the variation in the current of the lamp, 
and of the possible modifications in the diameter of the 
carbons, on the value of the illumination. 

In the preceding tables are given the diameter of the 
positive both as regards the use of ordinary voltages and of 
high voltages. No indication is given of the diameters of 
negative carbons obtained from actual experience, these 
varying in a corresponding manner to the diameters of 
the positive. 

A question which it seems reasonable to ask oneself in 
the case of a searchhght in which the diameter and the focal 
length of the reflector are given is the following : — ^What 
are the most advantageous diameters to be chosen for the 
carbons and the corresponding values of current and voltage? 

We are going to examine as to whether it is possible to 
solve this question. 

Variation of the Illumination with the Current 
and the Voltage for Carbons of given Diameters. — 
Remembering that the expression for the theoretical illumi- 
nation is as follows : — 

(15) €,= 1-273 9-^3 



_ 
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it is seen in this expression that if the diameter of the 
reflector and its focal length remain constant, as well as the 
diameter of the carbons, the only variables are the values 

9 and o*, or p-- 

On the other hand we have found that the luminous 
flux <p received by the reflector was given by the expression 
9 = K^, in which K, or coefficient of utilisation, remains 
constant with the focal length, the soUd angle of the utihsed 
flux itself being constant. 

The value of the total theoretical flux is given by 
formula (4). 

As regards the diameter of the crater, this has been deter- 
mined by formula (7). 

One thus finds 

The energy expended within the arc is represented by the 
expression W = EI. 

The ratio h, which is the only variable m the expression 
of the illumination, is therefore represented by the quantity 



tne inummation, is xnereiore represeniiea uy iine qu^nwi 
mix ^ K^ K (mW + n) K r nl 



In this expression, KD and a^ do not vary. 
Consequently the only variable is 

(22) mE + J 

If the practical coefficients are introduced into this expres- 
sion, one arrives finally at the proportional value 

9740 
(22) 18-06 E + ^ 

|2 
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The question now is to find out to what extent this 
quantity varies with the current and the voltage. 
The best way is to take an example. 

(1) Let us take a pair of carbons of 28 millimetres positive 
and 13 millimetres negative, which burn with a current 
varying from 70 to 140 amperes. 

Table IX. gives for this particular pair of carbons, the 
value of the formula (22) stated above, for each value of 
current and voltage chosen for the tests. 

(2) The same calculations were employed for another 
pair of carbons, 31*5 milUmetres positive and 14 millimetres 
negative. 

We assume that the current varies in this pair of carbons 
from 100 to 160 amperes. The same Table IX. shows the 
value of the variable ratio for each value of the current. 
It is sufl&cient to examine the table in question to reaUse 
that, in the two chosen examples, the lighting increased 
in proportion to the increase of current. 

Thus, in the first example, by varying the current 
from 70 to 140 amperes the increase is equal to 6-7 per 
cent. ; and the minimum illumination at 100 amperes 
is ascertained. By varying the current from 100 to 140 
amperes the increase would be shghtly higher, about 6-2 
per cent. 

It is therefore advantageous to increase the current in 
the carbons of the specified diameter. 

Practical experience has moreover shown that the most 
satisfactory current for this positive diameter is 120 amperes, 
both as regards the burning hours and the operation, i.e., 
the size of the arc flame, and amount of deposit produced 
by the arc. 

In the second example it was ascertained that, by varying 
from 100 to 160 amperes, the increase in the lighting is 
equal to 12*6 per cent. It is therefore by no means negligible. 
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Table IX. 





9740 
TaluM of the Ezprwsion 18'06 E + -j- 












Voltn. 
48 

1 " 

49 
1 98 


Am- 

I)6r6S. 


VolU. 

50 

100 
53 

103 


Am. 
peres. 


Volts. 


Am- 
peres. 


Volte. 


Am. 

peres. 


Volts. 


Am* 
peres. 


Diameter of podtiye 28 . 
Diameter of negative 13 . 

Diameter of podtive 31-8. 
Diameter of negative 14 . 


70 
006 
1 100 
2-40 
1 


100 

1-40 
1 130 

1-9 

1 


52 120 

102M0 
56 160 

1075-9 

1 


54 130 
1050-9 
58 1 160 
1108-85 

1 


55 140 
1062-55 
55 1 140 
1062*55 

1 



The most satisfactory results in practice have been 
obtained with a current of 150 amperes. 

During the last few years practical experience has 
indicated that it is advantageous to increase the maximum 
current in carbons of given diameters used up to the present. 
Thus, some ten years ago it was usual to use positive 
carbons 30 millimetres diameter with a current of 100 
amperes ; whereas, as is shown by the second example 
just analysed, this current is too small for the same carbon 
diameter, and could be increased with advantage. 

It is needless to say that, whatever may be the theoretical 
reasons which justify such an increase in the current, it 
has been necessary, in order to realise such progress, to 
obtain from the manufacturers carbons of a more homo- 
geneous quality as regards the materials of which they are 
composed, and also of more careful manufacture. 

It is not without interest to point out that, in the calcu- 
lation of these two examples, the luminous efficiency is 
higher with positive carbons of 28 millimetres than with 
those of 31 '5 millimetres for the same current. 

Thus the value of the ratio (22) is 1001*40 for 100 amperes 
with the first example and 982-40 with the same current 
for the second example, that is to say, an increase of 2 per 
cent. 
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When increased to 130 amperes with carbons of 28 miUi- 
metres the result is 1060'9 and with carbons of 31-6 milli- 
metres 1031*9, which is an increase of nearly 2 per cent, 
for carbons of 28 millimetres. 

This comparison justifies what has been stated above — 
i.e., that, in' a general way, the luminous efl&ciency of 
large carbons is inferior to that of carbons of a smaller 
diameter. 

Variation op the Illumination with the Current, 
Voltage and Diameter of the Carbons. — This question 
is quite a general one, and can only be answered, in view of 
the large number of variables, by choosing a specified series 
of carbons, together with current values and voltages, 
which practical experience has shown to be most suitable 
for the specified carbon dimensions. 

The value of the ratio which indicates the variation of 

the illumination, namely p, is given by the expression 

— ^j — , in which the diameter of the positive also 

varies. 

In Table X. are shown the variations of the expres- 
sion 

This table is divided into two parts, the first series refer- 
ring to low voltage carbons, and the second series to high 
voltage carbons. An examination of the decrease of the 
ratio which expresses the value of the illumination will show 
that it is considerable, both as regards low voltage and high 
voltage carbons. 
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Table X. 



Diameter of the poeitiye (mm.) 
Intensity (ampeies). . . . 

Voltage (volte) 

Value of the expression (23) . 



Diameter of the positive (mm.) 
Intensity (amperes) 

Voltage (volts) 

Valne of the expression (23) . 



Low Voltage Carbons. 



22 


23 


25 


28 


30 


32 


38 


60 


60 


70 


90 


100 


110 


150 


47 


48 


49 


50 


51 


52 


56 


47-4 


44-7 


410 


361 


34*0 


321 


28-3 



High Voltage Carbons. 



19 


20 


22 


25 


28 


30 


32 


60 


70 


80 


110 


130 


150 


176 


62 


65 


66 


69 


72 


75 


77 


67-8 


641 


59*9 


49-7 


49-4 


47-6 


45-4 



35 
200 

78 
41*8 



This means that if in a searchlight where the reflector 
has a specified diameter and focal length the values of the 
current shown in Tables Nos. I. and II. were to be successively 
tried, varying the diameter of the carbons in such a manner 
as to maintain the current density constant, the value of the 
illumination would decrease in the same proportion as the 
ratio (23). This decrease would not be less than 40 per cent, 
when passing from 50 to 150 amperes for low voltage 
carbons and 38 per cent, when passing from 60 to 200 
amperes for high voltage carbons. 

These facts having been ascertained, the question may be 
raided why, in the case of searchhghts burning a small 
current, one is not satisfied to simply use corresponding 
carbons of small diameter, seeing that in practice the illu- 
mination is stronger with the higher current intensities. 
The reason is that when carbons of small diameter and low 
current values are used, the dimension of the luminous 
crater is also very small. The diameter of the crater has 
in fact been given by formula (7), which shows that it varies 
as the square root of the product of the diameter of the 
positive by the intensity of the current. The illuminated 
field therefore becomes considerably reduced. 
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With low voltage carbons for the same focal length, that 
is to say, within the same reflector, it will immediately be 
seen that, in virtue of formula (7), the diameter of the 
lighted zone at 50 amperes only represents 44 per cent. 
of its dimension at 150 amperes. 

With high voltage carbons this relation becomes only 
approximately 40 per cent. 

In order, however, to see objects clearly and to discover 
them at night, it is essential that the illuminated field shall 
attain sufficiently large practical dimensions. When an 
object illuminated by a searchhght has to be recognised 
it is necessary that more should be illuminated than 
one section, which might be insufficient to thoroughly 
define it. 

Let us suppose, for instance, that an attempt is made to 
recognise a village. If, for example, it is only possible to 
show up one house, or perhaps just a few, it will be quite 
possible to make a mistake or to hesitate in coming to a 
conclusion ; should, however, the field be sufficiently large 
to embrace the greater part of the village an error will not 
be possible. 

It is therefore a visual necessity to obtain a field of suffi- 
cient dimensions, and it is this nece^feity which compels 
the use of higher current values as the diameter itself of the 
reflector and the focal length increases. If one were to be 
simply satisfied with the luminous efficiency of 'the arc 
itself, there would be no occasion to exceed certain current 
values which can be determined by calculation. 

Intbinsic Radiation. — The expressions previously con- 
sidered, and also the variations studied, represent in 
reahty the value of the ** intrinsic radiation," that is to 
say, the luminous flux emitted by a unit surface of the 
crater. 
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It may be written that the intrinsic radiation of the crater 
is nothing else but 

^ mW + n I r^E , n "I 
^^^ S "" 6DI - 6 L D +DlJ 

With a given size of reflector the value of the practical 
illumination is directly proportional to the intrinsic radiatiout 



CHAPTER V 



MANGIN 8BARCHLI0HTS 



In concluding the general study of the illuniination from 
searchlights, it may be of advantage to refer to the special 
results obtained with Mangin searchlights, which were the 
only ones employed for many years. 

It is well known that the invention of Colonel Mangin, 
of the French Ifilitary Engineers, was put into practical 
use for the first time in 1877, and consisted of a glass 
reflector, having a double spherical surface, formed of a 
concavo-convex lens silvered on its convex face. 

In this optical combination the ray of curvature of the con- 
cave refracting surface is smaller than the ray of curvature 
of the convex reflecting surface. The reflector therefore 
has its minimum of thickness in the centre and its maximum 
at the edges. 

From an optical point of view, this apparatus amounts 
to a juxtaposition of a concavo-convex lens acting by 
refraction, with a concave mirror acting by reflection. 
Properly calculated, such a reflector causes practically no 
divergence of the Ught rays having the same wave length. 
The spherical aberration of the Mangin mirror is almost 
nil so long as the focal distance of the whole does not fall 
below 70 per cent, of the diameter. By improvements in 
its manufacture, the firm of Sautter-Harle has succeeded in 
producing reflectors having diameters up to 1 "60 metres. 

It was some twenty years after his invention, about the 
year 1896, that, owing to the influence of the Germans, who 
contended that paraboUc glass reflectors with a short focal 
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length such as they were then constructiijg were far superior 
to the other designs, the expert officers requested the makers 
to supply a Mangin reflector having a shorter focal distance 
in order to obtaip a more extensive illuminated field. After 
numerous efforts, the firm of Sautter-Harle succeeded in 
cutting, on this principle, reflectors the focal length of which 
was only equal to one half the diameter. 

However, with such short focal lengths, the thickness of 
the glass at the edges of the reflector becomes considerable, 
and the losses by absorption and by internal dispersion 
are notably high. The chromatic dispersion at the edges 
is also greater. Finally, the greater the increase in the 
thickness of the glass the heavier does the mirror become, 
and the chances of fracture, owing to the slow crystallisation 
of the glass, are more numerous. 

The considerations which have been referred to in the 
preceding chapters in respect of the illumination from the 
mirrors prove that nothing can be gained by shortening 
the focal length too much. Prom the point of view of the 
illumination, and also of the efficiency, the series of Mangin 
mirrors, designed with a focal length equal to 0-7 of the 
diameter, are certainly the best. 

» 

Concentration op the Beam op Light in a Mangin 
Searchlight. — The superiority of the Mangin mirror 
from an optical point of view over the parabolic glass 
reflector, and also over all other reflective devices, results 
from the following : — 

With the same size of mirror, and for the same utilised 
flux within the sohd angle, the point of which is placed at 
the focus, the focal length of the mirror is always greater 
than that of the parabolic mirror. 

The result is that the zone illuminated by the Mangin 
mirror, given an equal luminous flux, always has a smaller 
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diameter thaii is the case with the paraboHc mirror, but the 
illumination per unit of surface of the zone is greater in the 
ratio of the square of the two focal lengths. 

For example, the series of Mangin reflectors having a 
focal length of 0-7 of the diameter corresponds to an angle 
of utilised flux of 82°36' ; whereas a parabolic mirror 
enclosing the same angle of flux has a focal length of only 
0*663 of the diameter. 

If one therefore compares a Mangin reflector to a parabolic 
reflector illuminated from the same source of Hght and 
utilising the same luminous flux, the parabohc reflector 
wiU iUuminate a zone having a diameter 5-6 per cent, 
greater than that of the zone illuminated by the Mangin 
mirror ; but the illumination from the parabolic mirror 
will only be 89-6 per cent, of the Mangin mirror. 

This advantage is integrally maintained so long as the 
Mangin mirrors have a diameter which does not exceed 
0-90 metre. If this diameter is exceeded, the large Mangin 
mirrors have an efficiency which is slightly below that of the 
parabohc mirrors, owing to the increased thickness of the 
glass at the edges. However, this loss, which does not 
exceed 2 to 3 per cent., does not sensibly reduce the 
superiority of illumination of the Mangin mirror, with a 
long focal length, over the parabolic mirror. 

Pbactical Illumination op Mangin Searchlights. — 
In Table XI. are given all the values which make it possible 
to determine the average practical illumination of a Mangin 
sea/chhght of long focus, and for four different diameters, 
i.e., 0-60, 0-75, 0-90 and 1-50 metres. In the same table 
is also shown the width of the illuminated zone at 1,000 
metres distance. 

It is therefore seen that, in a general way, if the results 
of this table are compared with those of Table VI., for a focal 
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length equal to 60 per cent, of the diameter, the practical 
illumination of a Mangin searchhght without flashing 
shutters is on an average 30 per cent, higher than that with 
a paraboUc mirror of similar dimensions and tests. 

Unfortunately for the invention of Colonel Mangin, the 
fact that his reflector has to be constructed of glass has 
caused it to be gradually abandoned, as is also the case with 
glass parabolic mirrors. It has become more and more 
recognised that it is essential for the reflector of a search- 
hght, i.e., its most dehcate part, to be so constructed as 
not to break when hit by a bullet, and not be affected by 
shocks duKng transport or caused by gunfire, nor by sudden 
and extreme changes of temperature, to which glass mirrors 
are sensitive. 

Gilded concave metallic mirrors are becoming more gene- 
rally used owing to their sohdity of construction, but can only 
be given one single curve, i.e., the parabohc curve, therefore 
the advantage of concentrating the beam of Ught as provided 
by the Mangin mirror can no longer be utiUsed in this system. 
Its military quahties, however, cause it to be preferred to all 
other types of glass reflectors. 

Nevertheless, it is desirable to recall the remarkable 
French invention of Colonel Mangin, which dates back 
nearly forty years, and has not up to the present been sur- 
passed by any other combination from the point of view of 
optical reflective power. 



PART II 
Range of Electric Searchlights 

General Remarks on the Range of Electric Search- 
lights 

The various elements which determine the range of 
electric searchlights may be divided into two classes — 

(1) The internal elements, which depend on the search- 

hght itself and which regulate the luminous flux ; 

(2) The external elements, which act on the utilisation 

of the luminous flux, once it has been projected to 
a distance by the searchlight. 
The internal elements are essentially — 

The power of the electric arc, which constitutes 
the source of hght ; 

The diameter of the reflector and its focal length ; 
The efficiency of the reflector and that of the search- 
hght which contains it. 
The external elements are — 

The transparency of the atmosphere ; 
The distance at which the objective is placed ; 
The dimensions and the nature of the objective, its 
colour and the colour of the background ; 

Finally, the distance at which the observer, who is 
examining the object, is from the searchhght and 
objective. 

The influence of the internal elements has been studied 
in the first part of this book. 
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On analysing the influence exerted by the exterior elements 
the effect of the atmospheric transparency is primordial. 
According as to whether the atmosphere is clear or misty, 
the luminous flux traverses with sUght or heavy losses, 
the distance which separates the searchlight from the 
objective, as also the distance which separates the objective 
from the eye of the observer. When the atmosphere is 
charged with humidity or dust, the losses may become 
such that the flux which reaches the eye of the observer is 
insufficient to affect the retina and to cause the sensation 
necessary for the visibility of the objects. 

It must be observed that the effect of the transparency 
of the atmosphere acts on the double range, i.e., between 
the searchhght, the objective and the observer. 

The nature of the objective and of its background, as 
also its dimensions, have an important influence on the 
visibiUty. Not only does the visibility depend upon the 
colour of the objective, but also on its reflecting or diffusing 
power. Certain objects possess parts having a briUiancy 
which reflects the hght in the direction of the eye of the 
observer. As a general rule, the objects are simply diffusing. 
Coloured objects (white or light) often have a high diffusive 
power approaching the unity. Dark-coloured objects are 
very absorbent and only reflect a small percentage of hght 
in the direction of the observer. The colour of the back- 
ground gives rise to an effect of contrast which may, in 
certain cases, greatly favour the visibihty. Thus a light 
object on a dark background, or a dark object on a hght 
background, will naturally be more easily distinguishable 
than if the tints of the two are more or less similar. 

Finally, the dimensions of the object act on the pheno- 
menon of visual acuity or sharpness ; the human eye is 
unable to perceive objects, even if extremely luminous, 
which are below certain angular dimensions, the average 
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value of which has been fixed by practice. If an object 
having dimensions corresponding to a given visual sharp- 
ness is placed further away from the observer, it will require 
considerably more illumination than would result simply 
from a prolongation of the distance, or from an increase 
of the atmospheric absorption. 

M. Blondel has recently indicated very forcibly the 
general formulae which control the range of searchhghts, 
taking into account the visual acuity, these will be 
referred to later. 
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CHAPTER VI 

GENERAL LAW GIVING THE VALUE OF THE RANGE OF AN 
ELECTRIC SBARCHLIGHT, APART FROM THE VISUAL 
SHARPNESS 

Definition op the Formula of Ranges. — The formula 
for the range pf searchlights, apart from the visual sharp- 
ness, was given for the first time by M, Blondel in 1899 in 
an unpubhshed Work, which he has been kind enough 
to communicate to us. 

This formula reads as follows : — 

a'"*^'' I 
(25) €o=€i-|2-io*X j 

When examining the various elements which enter into 
this formula it will be shown how it can be proved with 
absolute exactness - 

Fig. 7 gives in c the path followed by the luminous flux 
in the most general case. 

P is the searchlight illuminating an objective A. 

The distance which separates P from A is shown by I. 

The luminous flux, after having struck the object A, 
returns to the eye of the observer placed at 0, along a 
rectilineal path the length of which is V. 

As a general rule, the lengths I and V may be of any 
dimension, equal or different, I being longer or shorter 
than V. ' 

In the formula, €o is assumed to show the residual 
illumination which reaches the eye of the observer, that is 
to say, the illumination produced by the luminous flux 
which has traversed the total range Z + T. 
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Assume ci to show the illumination by the searchlight of 
an object normally placed at its axis and at unit distance. 

In order to calculate the lighting of a luminous source, 
the metre is taken as a unit of distance. 

The value cj is therefore the illumination at a distance 
of 1 metre from the searchlight. As a metre is an incon- 
venient unit in the case of searchlights, the ranges of which 
are calculated in kilometres or fractions of kilometres, it 
is preferable to calculate the illumination by a searchlight 
at a distance of 1 kilometre. 

That is why the formula contains in the denominator the 
figure 10®. The illumination from a searchUght, given in the 
second member of the formula, may therefore be repre- 
sented by the value r^, which is equal to the practical 

illumination at a distance of 1 kilometre. 

In Part I. of this book the illumination was repre- 
sented by the symbol €p. 

One has therefore 



= €. 



The formula may be more easily written : 
(26) €o=^-|2-i 

The coefl&cient of atmospheric transparency is represented 
in the formula by the symbol a. This coefl&cient expresses 
the proportion of biminous flux which remains after passing 
through a layer of air 1 kilometre in thickness. Li this 
definition it is supposed that, at its origin, the luminous 
flux is the unit, and that after having traversed a distance 
of 1 kilometre in the atmosphere, it is reduced to the 
value a, less than unity. 
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The proportion absorbed is given in this definition by 
1 -a. 

The coefficient j, which is also, contained in the formula, 
expresses the proportion of light reflected or diffused by 
the object illuminated. Comprised also within this coeffi- 
cient is the effect due to the contrast between thei Uuminated 
object and its dark or light background. 

It will now be shown how the formula is justified. 

First consider the path between the searchUght P and the 
objective A, the length of which is I, and suppose that 
the atmospheric transparency is absolute, that is, the air 
does not absorb any proportion of the luminous flux which 
traverses it ; what will be the degree of illumination of the 
object ? 

This illumination will be inversely proportional to the 
square of the distance I. The value of the illumination at 
the point A will therefore be 

I 

It is well known, in fact, that the luminous flux 
which emanatdB from a searchUght has the shape of a 
cone with a circular base. The working area of the 
various straight sections of the cone, perpendicular to 
the axis, therefore goes on increasing as the square of 
the distance to the summit of the cone, and, as these 
sections are all traversed by the same luminous flux, the 
result is that the illumination of each section, that is, the 
flux per unit of surface, decreases with the square of the 
distance. 

Assume now that the atmosphere possesses its natural 
power of absorption. Each kilometre of the length I will 
only allow the proportion a of the luminous flux to pass. 
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According to a well-known rule, the total proportion of 
light transmitted from the searchlight P to the object A 
will be represented by the coefl&cient a\ 

Consequently, the degree of illumination of the object, 
taking into accoxmt the atmospheric absorption, will be 
represented by the formula 

I , 
fp ^ X » 

Of the luminous flux which reaches the point A, part 
only will be reflected or diffused in the direction 0, that is, 
towards the eye of the observer. The coefficient j represents 
this portion. The amount of illumination which will be 
able to reach the eye of the observer will therefore no longer 
be that received by the object, but will be represented by 
the value 

This illumination will itself be reduced by the atmo- 
spheric absorption exerted on the path AO. The proportion 
of light transmitted to the point will only be a" of the 
preceding quantity. The amount of illumination €o on 
the eye of the observer, taking into account the atmospheric 
absorption, will therefore be represented by the value 

I a'+*' 

^P |2 «!? X a'' = €^ "-]2" j = €o 

which is the general formula (26). 

It may be asked why the distance V does not intervene 
in the path from the objective A to the eye of the observer 0, 
other than in the exponent of the coefficient of transparency. 
Again, why does the distance V not act according to the 
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inverse ratio of its square, causing the degree of illumination 
to decrease in the proportion pg* ^s is the case for the path 

from the searchUght to the objective. 

In order to explain what seems an anomaly, it is necessary 
to refer back to the theory of vision. The eye is nothing 
but a sensitive screen, a screen on which is formed an image 
created by the lens of the crystalline. As the object A 
observed by the eye gradually recedes, the angle subtended 
by this object (the summit of which is at the centre of the 
crystalline) itself gradually diminishes. The dimensions 
of the image formed on the retina decrease in the same 
proportion. 

The luminous flux per unit of surface, which emanates 
from the object illuminated and falls on the retina, decreases 
as the square of the distance, or as the square of the angle 
subtended by the object. However, as the surface of the 
retinal image also diminishes as the square of the same 
angle, the illumination per unit of surface of the retinal 
image therefore remains constant. 

It may therefore be said with certainty that the amount 
of illumination received by the eye does not decrease 
in proportion as the distance of the object A from the eye 
increases. However, the constancy of this retinal illumi- 
nation has a limit, which is reached when the distance of 
the object becomes such that the subtended angle only 
corresponds on the retina to a surface less than a certain 
limited value. It is known in fact that the sensibility of the 
eye is only maintained when the retinal image is not less 
than a given dimension, which corresponds approximately 
for a piercing sight, to an angle of a minute. This is what 
is expressed when it is said that the apparent dimensions of 
the objects must not fall below a maximum value for the 
visual sharpness. When this limit is reached, the eye no 
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longer perceives the dimensions of the object, as it sees 
nothing more than a Imninous point. Starting from this 
distance, the retinal illumination and the impression 
resulting therefrom again begin to vary as the square of the 
distance. 

In the case of illumination obtained by an electric search- 
light, the only useful section in the visual space is that in 
which the object is always perceived with its lineal dimen- 
sions sharply'defined, i.e., that it is never reduced to a lumi- 
nous point. As searchlights are used for the purpose of 
recognising objects by their shape and dimensions, there 
can be no question of an exact visibility such as that given 
by the observation of the stars, or, for instance, of luminous 
signals from lighthouses to navigators. 

It will therefore be seen that the general formula for the 
range, only admits in the denominator the square of the 
distance which separates the searchlight from the objective ; 
whereas the double distance only acts on the coeflScient 
of the transparency. 

The formula (26) gives the range in the most general case, 
but this can, however, be simplified in practice. 

While searchlights are working, the observer frequently 
finds himself placed at a short distance from the searchlight, 
with the result that the distance between the searchUght 
and the objective is practically the same as that from the 
observer to the objective. 

Geometrically, this case, which is the most frequent, is 
rendered by the expression V = I. 

The formula then becomes simplified as follows : 

(27) . = e 



a' 



F^ 



A study will now be made of the influence of the various 
elements which compose the general formula for ranges, 
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and it will be shown how it is possible to vary the values 
of these various elements. 

Coefficient of Reflection and Diffusion of the 
Illuminated Object. — In the general formula we have 
included in the coefficient j, the influence of the power of 
reflection, and also of the power of diffusion of the illu- 
minated object. This same coefficient also includes the 
influence of the colour of the objects and the contrast 
between the object and the surrounding background. 

It is easy to understand how largely these various ele- 
ments may vary with the different illuminated objects. 
The reflective power of a looking-glass, an illuminated 
window pane, or a brilliant metallic object may vary to a 
very considerable extent. The same appUes to the power 
of diffusion which varies within wide Umits to almost 
unity according to the nature of the object. The colour 
of the objects is also of considerable importance. Whereas 
a dark-coloured object, grey or blue, will only diffuse 10, 
15, or 20 per cent, of the light it receives, a red or yellow 
object will give a proportion thre^ or four times greater. 
The effect of the contrast between the colour of the object 
and that of the background (an effect which also depends 
on the dimensions of the object and of the illuminated 
background) may vary within very extensive limits. 

These considerations show that the value of the co- 
efficient j could only be detennined by a very large number 
of practical tests, seeing that this value changes for each 
particular case. 

In order to calculate the degree of illumination received 
by the eye of the observer, that is, the quantity of 
light reflected or diffused by the illuminated object, it 
would be necessary to be acquainted with all the variables 
which enter into the determination of the coefficient j. 
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Such a study has not previously been attempted, and it 
would require numerous tests in order to obtain results of 
any practical use. 

Endeavour has been made to overcome the difficulty 
by introducing the notion of the equivalent illumination, 
which will be defined later. 

In an arbitrary manner we give to the coefficient j, for 
all illuminated objects, the same value which we suppose 
equal to unity. We thus eliminate the very considerable 
difficulties of the exact measurement of this coefficient, 
which, as stated above, comprises not only the physical 
values of the coefficients of reflection and diffusion, but also 
the physiological effect of contrast, the experimental 
determination of which would be a far more delicate 
operation. 

Equivalent Illumination. — The notion of the equi- 
valent illumination is nothing but a definition to facilitate 
the practical application of the general formula for ranges. 

If we suppose that all illuminated objects have the same 
coefficient j, equal to unity, and if we apply this hypothesis 
to the various cases which occur in practice, it will be 
recognised that the illumination calculated in accordance 
with the formula for ranges (assuming that the distances 
I and r, the coefficient of transparency a, and the practical 
illumination of the searchlight e^ are known) leads to a 
value Co of the illumination reflected to the eye of the 
observer. 

This value e^ will not be the same for the various objects 
illuminated. By applying the formula it will be seen that 
for a light-coloured object of large dimensions the value Co 
is lower than for dark-coloured objects of small dimensions. 
To each illuminated object there will correspond, for the 
conditions under which the observation has been carried 
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out, a special value for e^, this value being determined for 
the practical hmit of visibility at which the object is 
observed, or, on the contrary, for a range corresponding to 
a good visibiUty of the details of the object in question. 

It will therefore be possible to determine a table of values 
calculated by the formula for ranges, for a series of every- 
day objects, such as those which it is usually desired to 
illuminate on land and on sea. Each of t^iese values will 
correspond to a different illumination on the eye of the 
observer, for the limit of the range of the objects under 
consideration and whose coefficient j is reduced to unity. 

This method of reasoning is not exact from a physical 
point of view, because it would lead to the statement that 
the Umit of visibility of the human eye for different illumi- 
nated objects, corresponds to quantities of light falling on 
the retina, which are different one from the other. It is 
quite evident that this is not so. For any given eye the 
limit of sensibility is more or less the same, whatever may 
be the objects observed. However, the hypothesis thus set 
forth, which assumes that all the objects possess the same 
reflecting and diffusing powers equal to unity, makes it 
possible to analyse the results of practical tests and to 
give to each object an equivalent illumination. This Will for 
other cases than those under consideration, permit the cal- 
culation of the range of the same object illuminated by dif- 
ferent apparatus and under different atmospheric con- 
ditions, provided, however, that the new conditions in respect 
of range do not vary too much from those existing during 
the tjrpical test. 

An example of the application of this method will suffice 
to explain it. 

Supposing that during tests carried out in the Mediter- 
ranean, at the port of Toulon for instance, it had been 
ascertained that a parabolic metallic mirror 1'50 metres 
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diameter, with a focal length of 0*88 metre and a practical 
illumination €^, which, under the actual conditions of 
working, was equal to 66-6 lux, was able to illuminate a 
dark-coloured torpedo-boat at a maximum distance of 
6,000 metres in winter, under adverse atmospheric conditions 
corresponding to a coefficient of transparency equal to 
0-875 determined by other tests. Supposing also that the 
same evening another searchlight had been tested, having 
a metallic mirror 1'60 metre diameter but a focal length 
of 0-60 metre, corresponding to a practical illumination 
of 48-5 lux, the second projector giving a maximum range, 
for the same torpedo-boat, of 4,600 metres. 

With the help of these two observations it becomes 
possible to calculate, in accordance with the general formula 
for ranges, the value of the equivalent illumination e^ sup* 
plied by the two projectors. Thus for the first searchlight : 



-j.7r= ^bo 52" 



€.= €„ ^= 66-5 ^^ — -^ = 66-5 X 0-0106 = 0705^ 



and for the second searchlight : 

a^ fO-875^ * ^ * • ^• 
€, = €^ ^ = 48-5 ^ u^Q)2 = 48-5 X 0-0145 = 0-704>'" 

It will therefore be concluded from this test that the 
equivalent illumination of a ^torpedo-boat similar to that 
on which the experiment was carried out will be approxi- 
mately 0-7 lux. 

The same method, applied to a large armoured warship, 
has given, during tests carried out either in the Mediter- 
ranean or the Channel, under different atmospheric con- 
ditions which it was possible to determine, the value 

€o = 0-28 
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The equivalent illuminations shown in Table XVI., 
which is referred to later, for a whole series of land and sea 
objects are therefore fictitious values, and assume that the 
sensibility of the eye changes with the objects it observes, 
all these objects invariably sending back to the eye the whole 
of the luminous flux they receive. 

Once the table of the equivalent illuminations has been 
determined, it becomes possible to calculate for the same 
objects the ranges under other conditions met with in 
practice, the general formula being then appUed as a first 
approximation. 

Graphic diagrams have been prepared in order to facilitate 
the practical application of formula (26). 

Coefficient op Transparency. — ^We now come to one 
of the first problems in the calculation of the ranges of 
searchUghts, i.e., the coeflScient of atmospheric trans- 
parency: 

The methodical determination of the coefficient of trans- 
parency has been carried out for all the coasts of France 
by the French Administration for Lighthouses. The lumi- 
nous power of the apparatus in lighthouses being known, 
the observations carried out in respect of the visibihty of 
lighthouses makes it possible to determine the coefficient 
of transparency with an approximation sufficient for the 
needs of navigators, and also sufficient for the illumination 
at a distance by electric searchlights. 

In the Memorandum on the power and the range of 
lighthouses by M. AUard, Engineer-in-Chief for Eoads and 
Bridges, which appeared in 1876 and was published by 
order of the Minister for Public Works, will be found the 
method followed in that study and the results obtained 
thereby. 

The determination of the atmospheric transparency is 
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based on the degree of the avierage sensibility of the human 
eye at the maximum range. In this respect M. Allard gives 
a value of this sensibility which, according to him, would 
correspond to a tenth of a decimal candle, that is to say, 
the human eye observes the disappearance of a light of 
that intensity at an average distance of 1 kilometre, the 
atmosphere being supposed to be transparent. 

More recent experiments than those of M. Allard, 
together with other considerations, are referred to in our 
work on a new system of lighthouses,^ and have shown 
that the limit as indicated by M. Allard is too small, as 
far as the visibility of hghthouses is concerned. In the 
case of electric searchlights, however, the question does 
not come into consideration, seeing that if M. AUard's coeffi- 
cients of transparency were affected by a general systematic 
error this error would have no influence on the calculation 
of the range of objects illuminated by the searchlights, 
according to the method we follow. 

In practice, the determination of the equivalent illumi- 
nations is obtained by the aid of a coefficient of transparency, 
which is assumed to be exact. By making use of the coeffi- 
cients of transparency tabulated by M. Allard, and by 
carrying out the inverse operation for the same object 
but under different circumstances, the error committed 
in the first instance becom.es automatically corrected. 

The method for the application of the general formula 
for ranges, is therefore independent of all systematic error 
in the determination of the coefficient of transparency, as 
is also the case in the determination of the practical illumi- 
nation of a searchlight. The value of the ranges obtained 
by calculation apart from the visual sharpness, (once the 

1 " Nouveau Syst^me de Phares k Reflecteurs M6talliques " {" New 
System of Lighthouses with Metallic Reflectors"), Paris, 1918. 
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equivalent illumination is known) is therefore found to be 
independent of such systematic errors. 

The coefficients of transparency determined by the 
Administration for Lighthouses have only been measured 
along the French coasts. It is certain, however, that at 
sea the atmospheric transparency becomes reduced owing 
to the greater humidity of the lower strata of the atmosphere, 
because the watery globules contained in the atmosphere, 
even when they appear to be entirely transparent, always 
absorb a certain proportion of the light. 

On the other hand, the air over the earth is generally 
drier and contains particles of dust, which no longer exist 
at some distance from the shore. Now, particles of dust 
constitute an element which is extremely absorbent for 
luminous flux. As a matter of fact, the results of experi- 
ments which have been repeatedly carried out in Paris 
show that in summer, during a beautiful warm and dry- 
evening, the dust contained in the Parisian atmosphere 
reduces the coefficient of transparency as much as 0-62 per 
kilometre, that is to say, each kilometre traversed absorbs 
88 per cent, of the luminous flux which it receives. 

As no methodical study of the coefficient of transparency 
over the Iwid has been made, either in France or abroad, 
it is only possible to reason in a general manner. As a first 
approximation it is supposed that the coefficients of trans- 
parency measured along the coasts are practically main- 
tained over the land for the same latitudes, at least for level 
countries or those of an average altitude. In the following 
tables, a certain number of European climates are men- 
tioned which correspond to average coefficients of trans- 
parency, the values of which have been measured along 
the French coast, from the Straits of Dover to the Mediter- 
ranean. It is obvious that these values will be subject to 
revision when methodical tests of transparency have been 







i 

I 



80 RANGE OF ELECTRIC SEARCHLIGHT PROJECTORS 

carried out in France and abroad. From this hypothesis 
it is possible to ascertain, to a certain extent, the variation 
of the coefficient of transparency for land climates. In 
the calculations and the diagrams which are given later 
exact results must not be expected in view of the present 
state of our knowledge of this subject. 

In mountainous districts, as soon as a certain altitude 
is reached, the atmospheric transparency becomes con- 
siderable, owing to the dryness and the purity of the 
air, also that particles of dust entirely disappear above 
1,000 metres. This transparency is therefore increased in 
winter when it snows. Moreover, the effect of the con- 
trast of objects which stand out from a snowy background 
increases the visibility to a considerable extent. 

Further on are given some approximate values of the 
coefficient of transparency which are applicable to obser- 
vations in mountainous districts. 

In southern climates, such as the coast of the Mediter- 
ranean in France, Italy and Spain, and in the whole 
Mediterranean basin, the average transparency is far 
higher than over the Atlantic or the Channel. 

Finally, in sandy and desert countries, in Africa for 
instance, and on the shores of the Red Sea, where the EngKsh 
and the Italians have at various times employed electric 
searchlights, it has been ascertained that the transparency 
is extremely high and that it almost attains unity. 

The coefficient of transparency is usually given per 
kilometre, which is the unit chosen. 

As a general rule three average coefficients are distin- 
guished, the first referring to weather said to be ** clear,'* 
the second to weather said to be ** average," and the third 
to weather said to be ** misty." It must not be imagined 
that this expression " misty weather " implies actual 
fog. When there is a real fog, calculations must no longer 
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be made per kilometre, but per decametre, and even per 
metre. In the case of thick fogs, an intensity of 10 candle- 
power, which normally traverses a distance of 7 kilometres 
under average transparency, only penetrates to a distance 
of approximately 26 to 30 metres. 

It is therefore seen that the words ** misty weather " do 
not in reaUty imply a real fog ; they merely refer to weather 
which is less transparent than the normal. 

Naval and miUtary oflScers who are in the habit of using 
searchlights, are well aware of the rapid variations hable 
to be met with in the atmospheric transparency and of the 
effects which these variations have on the range of an 
apparatus within comparatively short periods and during 
the same evening. The tables which are given, therefore 
indicate the average and approximate values which it is 
necessary to be able to employ in actual practice. 

An important remark which must never be lost sight of 
in this question of atmospheric transparency when applied 
to the range of searchhghts, is that the coefficient of trans- 
parency always corresponds to a certain probability in 
respect to the state of the atmosphere. Thus, when a coeffi- 
cient of average transparency of 0-9 for the whole of the 
French territory is given for 50 per cent, of the year, it 
means that if one takes the whole year there will always 
be a probability of 50 per cent., i.e., one day out of two, in 
which to obtain a coefficient of transparency of 0*9. If, 
on the contrary, it is stated that for a given region the 
coefficient of transparency is 0*95 for two-tenths of the time, 
it means that one will always be certain to have for two 
days out of ten an atmosphere of sufficient transparency 
to allow the passage of at least 95 per cent, of the hght per 
kilometre traversed. 

In the tables which follow there is given in respect of 
each of the coefficients of transparency, the total of the 
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y. This total is also given on the practical curves 
later on ; these values are given in various 
<i probability, but in no way are they absolute 
it was impossible to fix these based on the hypo- 
he various climates. 

it table. No. XII., shows the coefficients of trans- 
corresponding to the annual average for four 



Bt climate comprises, by way of analogy, the 
France and the southern section of England, 
the North of Germany, -and in a general way 
urope. 

lues of the transparency coefficient are indicated 
iifferent totals of the probability. Thus, during 
fnt. of the year, that is, approximately thirty- 
it may be stated that the coefficient of trans- 
'ill attain at least 0-959, this value being always 
ack to the kilometre. This means that, for at 
ly-six days in the year, the atmosphere will be 
J clear to allow the passage per kilometre of 0-959 
linous flux it receives. 

id value relates to a probability of 50 per cent, 
-heeis may therefore be taken that, on an average, 
at of two the atmosphere will be sufficiently clear 
the passage per kilometre of 0-900 of the incidental 

rd coefficient is given for 70 per cent, of the year 
st for 90 per cent, of the year, 
st coefficient therefore means that when the 
•obability is equal to at least nine days out of ten, 
sphere will be sufficiently transparent to allow 
;e per kilometre of 0-670 of the incidental light, 
ell understood that such coefficients represent 
ml average values. Thus it may well happen^that 
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for a continued period of bad weather the atmosphere may 
be opaque during several consecutive days. The same 
naturally applies to periods during which the atmosphere 
is clear. 
The coefficients in question are represented in order of 

Table XII. — Coefficients of Transparency (Annual Average). 



Glimates. 



Totals of the Probability. 



10 per cent, 
of the 
Year. 



No. 1. 

North of France, EIngland, 
Belgium, North of (Jer- 
many, Central Europe . 

No. 2. 
Brittany, Normandy to 
the east and the Loire, 
Switzerland, Southern 
Germany, Central Russia 

No; 8. 
South- West France, Aus- 
tria, the Balkans 

No. 4. 
Mediterranean climate, 
South of France, Italy, 
Spain, Greece . 



60 per 

oent. of 

the Year. 



70 per 

cent, of 

the Year. 



90 per 

cent, of 

the Year. 



r 

Values of the Coefficient a. 



0*959 



( 



0-959 



} 



0-959 



0-900 



0-910 



0-961 



0-918 



0-869 



0-862 



0-982 



0-884 



0-926 



0-679 



0-700 



0-750 



0-885 



importance, and which it is necessary to be able to 
interpret. 

The same- table has been worked out for three other 
chmates. 

The cUmate called No. 2 refers to Brittany, Normandy^ 
and a strip of French territory starting from these two 
provinces to the eastern frontier and the Loire. It also 
includes, by way of analogy, Switzerland, in its average 
altitudes, Southern Germany, and Central Russia. 



O S 



i 
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Climate No. 3 comprises the South-West of France, that 
is, the provinces which border the Atlantic Ocean, and by 
way of analogy one may include for Europe, Austria, and the 
Balkans. 

Climate No. 4 is that of the basin of the Mediterranean, 
South of France, Italy, Spain, Greece. The atmospheric 
transparency is there considerably higher than in the other 
European climates under consideration. 



Table XIII. — ^Averages per Season of the Transparency 
Coefficient in Continental •France, Belgium, the South 
OF England, and the Centre of Germany. 



Seasons. 



Totals of the Probability. 



10 per 

cent, of 

the Season. 



50 per 

oent. of 

the Season. 



70 per 

cent, of 

the Season. 



00 per cent, 
of the 
Season. 



Coefficient 



Spring 


0*965 


0-911 


0-871 


0-740 


Summer 


0-965 


0-918 


0-877 


0-766 


Autumn 


0-958 


0-917 


0-878 


0-727 


Winter ••.... 


0-988 


0-889 


0-807 


0-820 



In Table XIII. is given the coefficient of average trans- 
parency per season for a combined climate including con- 
tinental France, Belgium, the South of England, and the 
centre of Germany. 

It will be noticed in this table that at the total of 
probabihty of 60 per cent, autumn shows the greatest 
transparency. / 

This remark is somewhat contrary to what may be 
commonly assumed. 

Table XIV. shows for the four cUmates indicated in 
Table XII. the value of the transparency coefficient m 
winter. It is immediately seen to what an extent the 



/. 
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Table XIV. — Coefficients of Transparency in Winter. 



Climates. 



No.l. 
North of France, England, 
Belgium, North of Ger- 
many, Central Europe . 

No. 2. 

Brittany, Normandy to 

the east to the Loire, 

Switzerland, the South of 

Germany, Central Russia 

No. 8. 
South-West France, Aus- 
tria, the Balkans 

No. 4. 
Mediterranean climate, 
South of France, Italy, 
Spain, Greece 



Totals of the Pr obcbility. 



10 per cent. 

of the 

Season. 



50 per cent. 

of the 

Season. 



70 per cent. 

of the 

Season. 



90 per cent. 

of the 

Season. 



Values of the Coefficient a. 



0-951 



/ 



0*960 



} 



0-960 



0-965 



0-860 


0-774 


0-897 


0-888 


0-892 


0-810 


0-929 


0-917 



0-284 



0-468 



0-284 



0-879 



Table XV. — ^Annual Average Coefficients of Transparency 
FOR THE Definition of the State of the Atmosphere. 





Weather. 


Climates. 


Misty. 

90 per cent, of 

the Year. 


Average. 

50 per cent, of 

the Year. 


Clear. 

10 per cent, of 

the Year. 


No. 1 

No. 2 

No. 8 

No. 4 .... 


0-644 
0-679 
0-721 
0-879 


0-900 
0-911 
0-917 
0-982 


0-962 
0-962 
0-962 
0-964 



Mediterrajiean climate is in this respect superior to the 
other three under considerationr 
Finally, in Table XV. is indicated the average annual 
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coefficients of transparency for the four above-mentioned 
climates, corresponding to the definition of the weather 
which sailors are in the habit of giving. 

The weather termed " clear '* refers mainly to a 
probability of 10 per cent., the weather termed " average " 
of 50 per cent., and V misty weather " of 90 per cent. 

During ordinary observations with searchUghts, the last 
coefficients are those which will be of the greatest service. 
It is clear that what is termed " misty weather " does not 
consist in a visible mist, because, as soon as there is a fog 
or visible mist the coefficient of transparency falls to a very 
low value, and, as previously stated, it is no longer the kilo- 
metre which must be taken as the unit, but the hectometre, 
the decametre, and even the metre. 

In the preceding tables mountainous climates have been 
omitted. In high altitudes the transparency is considerable 
and equal to that of desert countries ; it may be stated, 
according to observations we have made, that in dry 
weather free from snow and in the mountains the coefficient 
of transparency rises to 

a = 0-940 

In winter when there is snow the dryness is almost 
absolute, and with the added effect of contrast, the co- 
efficient may be valued at a minimum of 

a = 0-970 

These values appear to correspond to a probability of at 
least 50 per cent. 

Some carefully observed tests on the use of searchUghts 
in mountainous districts have proved that the range is 
considerably greater than in level countries, or in countries 
with an average altitude. 
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The French Administration for Lighthouses, which was 
the first to determine the values of the coefiScient on the 
coasts of France (we have previously mentioned the works 
of M. Allard), now only indicate for the illumination of the 
coasts, ranges which correspond to two totals of the 
probabiUty, i.e., 50 per cent, and 90 per cent., of the year. 

As regards searchUghts, we might have Umited to these 
totals the calculated values of the ranges and illumination, 
but it was thought that it would be more instructive, when 
calculating various other points, to also give the general 
form of the curves for each of the cases under consideration. 
It would be well, of course, not to attach too much import- 
ance to these calculations, which are based on the hypo- 
theses which it has been necessary to assume for the 
coefficients of transparency in land climates, and which 
can only be confirmed from actual experiences and tests. 
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in this formula to make j = I ; it therefore becomes simpli- 
fied as 



a^ 



€. = € 



•0 



p J2 



From this expression one can write 






Then, taking the logarithms of the two numbe^rs, there 
results 

log (|) = log (^) = log {a^ log {F) 
However, as 



i-<i 



and in order not to have any negative logarithm, we write 
-log(i^) = 21og (0 - 2aog (a) = 2 log(0 + 2nog (-a). 



Assuming now that 



-.og(a 



— y 1 = z and log ( — a) = x 



we finally arrive at the equation : 

t/ = 2 log {z) + 2zx 

Tliis equation is that of a topographical surface having 
three dimensions x, y, z. 

Its intersection by the planes xy (for each value of ^ = a 
constant), gives straight lines represented by the equation 

t/ = 2 log (0 + "Ox 
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The abscisssB are therefore values of x or of log ( — a). 

The ordinates are the logarithms of -^ with the minus 

sign. 

The scale of the abscissae must be drawn up in such a 
manner as to render the diagram as adaptable as possible. 

The scale of the ordinates has been chosen so that the 
imit represents one million lux or P = one milUon decimal 
candle-power at a distance of 1 metre from the searchlight. 
The same illumination therefore corresponds at a distance 
of 1,000 metres to the value of 1 lux. It is therefore easy, 
knowing the value of €p, which is given at 1,000 metres, to 

immediately obtain the ratio - = ^ by dividing the 

number in the ordinates, which corresponds to e, = I, 
by the value of the practical illumination of the searchlight 
under consideration. 

By way of example, let it be assumed that a searchlight 
giving a practical illumination of €^ = 20 lux is placed in a 
position for the observation of an object, the equivalent 
illumination e^ of which is equal to 0-6 lux. 

The value of the ratio - will therefore be =r7r = 0-025. 

€p 20 

Given this value, the question will be asked, what will 
be the range of the searchhght with a coefficient of trans- 
parency of 0-891. The diagram immediately indicates >a 
range of approximately 4 kilometres. It is sufficient for 
the purpose to read in the colunm of the ordinates the 
number 0-025, and on that of the abscissae the value 0-891. 
These two straight lines cut each other practically at the 
4 kilometre line. 

An examination of the whole of this diagram will show 

to what extent the ratio - must decrease in proportion as 

^P 
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the ranges increase; that is, for the same- equivalent 
iUomination c^, the practical illumination €p must increase 
for a comparatively slight diminution of the coefficient of 
transparency. In effect, the straight lines of range in the 
diagram incline more and more rapidly towards the bottom 
of the diagram as they approach the larger ranges. 

Second Diagram : Simplified Formula (Pig. 9). — In 
certain cases the second diagram is more convenient.^ 

In order to apply it the general method of plotting by 
points set in a line, as indicated by M. Maurice d'Ocagne, 
is adopted. 

The value of the ratio — is read on the horizontal line, 

which occupies the upper part of the diagram. The values 
of the coefficient of transparency a are indicated on the 
lower horizontal line. 

In order to read the diagram it is suflficient to make use 
of a movable ruler. For instance, if a coefficient of trans- 
parency and the value ~ are given, the ruler must be made 

to correspond to two points on the two horizontal lines of 
the top and bottom of the diagram, and the intersection on 
the intermediary curve will correspond to the range in kilo- 
metres. 

Inversely, if the coefficient of transparency and the range 
in kilometres are given by joining these two points the ruler 
will cover a point on the upper horizontal line and will give 

the value of -. 

If €^ is known, c^ will be deducted therefrom, and, inversely, 
if €, is known, €, will be deducted. 

^ This modification of the original diagram has been proposed to 
us by M. Batifoulier, engineer of the firm of Harle & Co., as well as 
diagram in Fig. 10. "^ 
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Third Diagram : Complete Formula (Fig. 10). — The 
complete formula (26) applies to the general problem in 
which the distances { and V are not equal. In this formula^ 
if j equals the unit, it will be found that 

The diagram No. 3, Fig. 10, makes it possible to imme- 
diately solve by a simple graphic reading all the problems 
which relate to the general formula for ranges. 

This diagram is entirely analogous to that of Fig. 9 for 

the simplified formula, but it includes the drawing of several 

curves of ranges. A special curve corresponds to the case 

where V = L It is the same curve as that of Fig. 1. This 

curve is between two other series of curves, one correspond- 

V 
ing to the values of the ratio y > 1 > and the other to the 

values T < 1 • 

We have chosen as values of these ratios : 1*25 — 1-60 — 
1-76 - 2-00, then 0-75 - 0-50 - 0-25 and 0. 

It is easy, by tracing the transverse lines as in the diagram 
in Fig. 9, to cut the intermediate points between the limits 
given. 

All the curves traced refer to the value of the range I from 
the searchlight to the objective ; V is deduced therefrom by 

the value of the ratio \ . 

From an examination of this diagram it is possible to 
immediately solve the following problem. 

General Problem op Ranges. — If a searchlight and an 
observer are placed at the same distance from an illuminated 
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object, and if it is desired to increase the visibility of the 
object, is there a greater advantage in bringing the search- 
light nearer to the object or the observer nearer to the 
object ? 

This case is that shown in Fig. 7 by the sketches (a), 
(6) and (c). 

In the sketch (a), the two distances are equal V = I. 

Li (&), I is shorter than V. In (c), I is longer than V. 

Let it be assumed that a searchlight giving a practica 
illumination €p = 37 lux illuminates an object correspond- 
ing to an equivalent illumination c^ = 0-6 lux with an atmo- 
spheric transparency of a = 0-900, and that T = 1= 5 kilo- 
metres, the two distances being equal. 

Assume also that, under the conditions of this experiment, 
it is found that the object illuminated is not sufficiently 
visible, and that it is proposed either to bring the search- 
light 2 kilometres nearer to the object, which will make 

1 = 3 kilometres, and V = 5 kilometres, which means a 
total path of 8 kilometres for the luminous rays. Alter- 
natively the observer can advance 2 kilometres nearer 
to the object, which will make 1=5 kilometres, and V = 
3 kilometres, the total path i' + Z = 8 kilometres. 

By taking the searchhght nearer, one will therefore obtain 

j — ^ = 1-666 and by advancing the object -^ = ~ = 0'60. 

The value of the ratio ~, which was originally 0-0135 

for V = If becomes equal in the first cas^ to 0-0465, whereas 
in the second case it only amounts to 0-0168. 

It will be seen immediately that, for the same total path 
of the luminous rays, the fact of bringing the searchlight 

2 kilometres nearer corresponds to an increase in the illumi- 

nation of r^ = 2-77 times the illumination which would 

168 
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be obtained by causing the observer to advance 2 kilometres, 
the searchlight remaining stationary. 

Therefore, each time that it is possible to bring the search- 
light nearer to the object, considerably more will be gained 
than by bringing the observer a similar distance nearer to 
the object. 

The diagram in Pig. 10 makes it possible to generalise 
the preceding problem. 

Supposing that it is desired to find the ranges of a 
searchlight, being acquainted with the transparency co- 
efiScient, the equivalent illumination of a specified object, 
and the practical illumination of the particular searchUgbt 
employed. 

Seeing that the group of curves for the range in the 
general diagram always refers to the distance I between the 
searchlight and the object, it is possible for a predetermined 
distance to calculate the distance V at which the observer 
must place himself in order to see the specified object, 
under the indicated conditions of transparency and illumi- 
nation. 

If the ratio y is chosen equal, for instance to 1'6 — i.e., 

that the distance between the observer and the object 
is to be 60 per cent, greater than that between the object 
and the searchlight — ^it is possible to immediately find from 
the curves in question the two values I and l\ In order to 
obtain this, it is necessary to determine the point of inter- 
section of the straight line which joins the value of the 

i 

coefficient of transparency to the value of the ratio - with 

V 
the curve corresponding to the ratio y = 1'6. This point 

of intersection immediately shows the value of the range I, 
from which is deduced T, by the proportion V = 1 x 1'6. 
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Let us take an example : 

a = 0-9 

~= 0-025 

V 
The intersection of this straight line with the curve y = 1-5 

corresponds to the range I = 8,800. 

The result is that V = 1-5 X 3,800 = 5,700 metres. 

If, therefore, the searchhght in question is ^placed at a 
distance of 3,800 metres from the object, it will be possible 
for the observer to withdraw to a distance of 5,700 metres 
and still have a suitable and convenient illumination. 

Under similar conditions of transparency, with the same 
searchlight and the same object, the curve immediately 
indicates that if V = I, these two distances being equal, the 

a 

range is 4,050 metres. 

It is therefore seen that by bringing the searchlight 250 
metres nearer to the object it will be possible to place the 
observer 1,650 metres further away. 

With this curve, which is very convenient, it is possible 
to rapidly solve all inverse problems. 

Thus, for a given coefficient of transparency, admitting 
that the distance of a searchlight to an object is fixed and 
that the position of the observer is also known, it is possible 
to determine the practical illumination €p which the search- 
light must give, and consequently its diameter for a known 
equivalent illumination c^. In fact, knowing the figurative 
point on the curve of ranges and the point of the scale of 
transparencies, the straight line which joins them again 
cuts the upper scale of the drawing at a point which indicates 



the value of the ratio -^, 



If the value e^ is known, c^ can be deduced from it. 
Inversely, having particulars of the searchlight and the 
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range and also the coefficient of transparency^ the diagram 
will give the value of e^. 

It is therefore possible to know at once what are the 
objects which it is possible to illuminate at the distance in 
question, as well as those which it will not be possible to 
illuminate, that is, those whose equivalent illumination will 
be higher than what it is possible to obtain. 

It would also be possible to solve another problem, and 
to determine the coefficients of transparency which are 
necessary for the illumination of a specified object at ranges 
which are also specified. Briefly, the curve in question 
can be quite generally appUed for the study of any problems 
which may arise during the tactical use of searchUghts, 
always apart from the influence of visual acuity or sharpness. 

Determination op Equivalent Illuminations. — It has 
been previously stated that the only procedure by which is 
made possible the practical utilisation of the range of search- 
Ughts, consists in predetermining the value of the equivalent 
illuminations corresponding to well-defined objects. 

The method followed for the attainment of this result 
consists in a careful analysis of all the tests carried out with 
searchhghts, where it has been possible to obtain accurate 
and reliable data. 

The first detailed experiments date back to the year 1877, 
when a lense form of searchhght 0-60 metre in diameter was 
tested on board the Richelieu, of the French Navy, in the 
Mediterranean. 

During the Eusso-Turkish War a Mangin searchhght of 
0-90 metre was used on the Russian coast of the Black Sea. 

In 1879, methodical trials were undertaken at Pola, 
with the assistance of Mangin searchlights having diameters 
of 0-30 metre and 0-60 metre, on steam launches, vessels, 
forts, and various buildings. 
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During the same year other te 
Portsmouth. 

Comparative experiments, far ra 
undertaken at Chatham in 1879 ai 
ance of Mangin searchlights of 0' 
prismatic lenses. 

In 1887 and 1888, during thei 
the Italians employed 8chuckert 
in diameter. 

Also in 1 888 comparative searchli) 
at Antwerp between Schuckert searc 
of 0-90 metre and Mangin searchligl 
metre. These tests were controUei 
sion and were carefully carried ootj 
observations made can be accepted 

During the same year searchligl 
in Paris, at the Sautter-HarI6 Wo 
0-90 metre, and at Nuremberg, a 
with 0-60 metre and 0-90 metre sea 

In 1891 comparative tests we 
between Mangin searchhghts and 
These experiments made it possibl< 
of the coefficient of transparency i 
until then no data of the kind was 

During the same year the 8pani 
Carabanchel, near Madrid, a serie 
searchlights of 0-90 metre. Thes 
during the winter and showed the 
of atmospheric transparency of thi 
ness of the air. 

In 1892 tests were carried out e 
0-90 metre searchlights. The heig 
possible to obtain accurate results 
supervised and confirmed. 
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In 1893 the French Army undertook experiments at the 
Mont-Val6rien with searchlights of 0-60 metre and of 0*75 
metre. 

Other miUtary experiments were also carried out at the 
Vaujours Fort in 1894. 

About the same period comparative trials were obtained 
at Toulon in 1895 by the French Navy, under the direction 
of a MiUtary Commission, on Mangin searchhghts and 
Schuckert searchhghts 0*60 metre and 0-90 metre in dia- 
meter ; the results obtained were absolutely in accordance 
and agreed with similar previous tests. 

In 1896 the French Navy carried out further experiments 
at Brest on Mangin searchlights of 0-90 metre having a 
short focus. 

Other trials "were carried out in Spain in 1898 at the port 
of Cadiz which are of interest. 

The following are the most important experiments on 
searchlights up to the present time- 
In 1899 at Marseilles on marine objects with 1-20 metre 
searchlights installed at special photo-electrical positions 
along the coast. 

In 1901 at Calais with coast searchlights. 

The same year in Holland at the port of Huisdinen. 

In 1903 comparative tests in Switzerland under the 
supervision of the Federal Army, at the fort of Dailly, 
with searchlights having diameters of 0-90 metre, 1*10 
metres, and 1-20 metres. 

In 1908 a Government Commission carried out very 
important trials at Cherbourg and Havre with coast defence 
searchhghts. A comparison was made between Mangin 
searchlights of 0-90 metre, 1-20 metres, and 1-50 metres, and 
with parabolic glass mirrors of 0-90 metre and 1-50 metres ; 
and finally with gilded parabolic metallic mirrors. 

Li 1909 the Swedish Artillery obtained a series of com- 
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parative tests on a searchlight with a diame 
metres and a parabolic glass mirror, also wit 
metal mirror, for the purpose of illuminating the 
of the Boden Fortress, on the frontier of Pinlf 
tests were of a most interesting character, I 
country was covered with snow, and every i 
available for directing the firing with large cann 

In 1911 the Belgian military engineers obt. 
very complete twts at the Beverloo Camp in 
with a Schuckert searchlight having a silvered ( 
of 0'90 metre and a Sautter-Harl6 searchligh 
gilded parabolic mirror ol the same size. 

In 1905 a squadron of the French Fleet obt 
parative tests between searchlights of 0-75 metr 
mirrors and searchlights with gilded parabolic 
the same size. 

In 1910 an artillery corps of the Eussian Arr 
stadt obtained comparative tests between a sei 
0-90 metre with a gilded metallic mirror and e 
searchlight with a parabolic glass mirror. 

A similar series of tests were also carried 
Bosphorus, in Turkey, in December, 1906. 

Finally, the French Navy organised at Tou 
commencement of 1914, a series of detailed tests \ 
mirrors and gilded paraboUc metallic mirrors of 
and 1-50 metres and with various focal lengths. T 
tant tests have been carefully controlled, and th 
results merit every confidence being placed in tl: 

It has been possible to analyse the large 
numerical data resulting from these varied expei 

The comparative tests of searchlights havir 
diameters and focal lengths are specially use: 
determination of the equivalent illuminations, 
instance, it is ascertained that two apparatus 
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ty at different ranges, and if it is possible to 
eir practical illumination, it becomes easy, 
p of a few assomptions concerning the atmo- 
jparency at the time of the experiment, to 
j; XVI. — Equivalent Illuminations *„. 
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16 equivalent illumination. This illumination 
irily be the same for the two apparatus, seeing 
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that it applies to the same object. It is therefore possible 
with the aid of the curve and the values chosen for the 
coefficient of transparency to arrive at the same value of a 
for the two apparatus. This inverse method is easy of 
application and has enabled us to determine the equivalent 
illumination, which varies slightly according to the experi- 
mentSy taking into account the errors of observation and also 
the effect of the visual sharpness, which we are unable to 
calculate, introduces an additional error. The approximate 
agreement of similar determinations may be considered 
as satisfactory for practical calculations. 

In Table XVI. is given the average value of the equivalent 
illuminations for a whole series of land and marine objec- 
tives. These values are given both for sight with the naked 
eye and with use of field-glasses. They apply either to the 
limit of visibihty, that is, the distance at which it is 
possible to perceive the whole of the objects with sufficient 
precision to permit the direction of firing or to the visibility 
of the details, which naturally corresponds to a higher 
equivalent illumination. In this table many divisions have 
remained blank for want of observations, but the values 
obtained render it possible to calculate with sufficient exact- 
ness for ordinary practical purposes, especially if it is not 
desired to obtain extreme values for short or very long ranges. 

When examining these values, it will be especially noticed 
that in the case of objects of small dimensions, such as an 
infantryman or a group of infantry, a horseman, or with 
objects on the sea, a small boat, a buoy, or the turret of a 
submarine, the value of the equivalent illumination greatly 
increases. In fact, as soon as an object subtends an arc 
with an angle of 3 or 4 minutes it approaches the limit at 
which the human eye ceases to perceive the details ; the 
necessary illumination then increases to a very large extent, 
owing to the phenomenon of the visual sharpness. 
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In order to clearly distinguish the object at a distance 
it becomes necessary to make use of field-glasses, or some 
other similar optical device. 

A well-designed field-glass magnifies in practice by five 
or six diameters, with a loss of light of 16 to 20 per cent. It 
is therefore possible to distinguish an object of small 
dimensions by giving to the eye a sharpness which it would 
not possess when viewing witjb the naked eye. M. Blondel 
has recently given a general law for ranges, taking into 
account the visual sharpness, which will be referred to 
later. Unfortunately the determination of the coefficients 
which enter into the formulae would require numerous 
experiments carried out under the most varied conditions 
occurring in practice, but which have not up to the 
present been obtainable. 

It is needless to say that the equivalent illuminations 
shown in Table XVI. are average values, the same object 
not always corresponding to the same illumination, according 
as to whether it stands out from a light or a dark back- 
ground. In a general way, however, this series of tests will 
make it possible to obtain, with a reasonable approxima- 
tion, the degree of the importance of the ranges of various 
projectors and the different objects illuminated. 

In order to get an idea of the value of the equivalent 
illuminations shown in the preceding table, it will be suffi- 
cient to observe that the illumination given by the sun at 
noon on a clear day over a surface normally exposed to 
the direction of the luminous rays is equal to 160,000 lux ; 
whereas the value of the illumination given by the moon, 
when full and passing the meridian, is approximately of 
0-2 lux. 

The illumination of public highways in large modem 
towns frequently attains 5 and even 6 lux, but for town 
suburbs a far lower illumination would be sufficient. 
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CHAPTEB Vin 

EXAMPLES AND PRACTICAL PBOBLBMS OF RAJ 

The considerations which have been elaborated 
preceding chapters respecting the calculation of 1 
mination of searchlights, and aUo of the general 
of ranges, together with the analysis of the various e 
apart from the visual sharpness, would not he con 
not accompanied by examples and the results whi 
possible to obtain with the aid of the preceding info 
in calculating either of the ranges attainable with 
searchlight, or the luminous power necessary to i 
specified range. 

Determination of the Practical Illuminatio 
Searchlight, where the Banqe for a Sf 
Objectivh 18 known, and also the Cobffic: 
Transparency. 

Land Objectives. — (1) Visibility of a Fort or o, 
manent Structure standing out from a Dark Backgrw 
Distances I and V being Equal. — In Fig. 11 is 3h( 
curves of practical illumination e,, corresponding 
visibihty of a fort or of a permanent structure, s 
out from a dark background, at a range of 8,000 me 

These curves refer to the climate at the North oi 
in autumn (see Table XIII., giving the value of tb 
cieats of transparency). 

The first curve indicates the limit of visibihty 
objective ; it corresponds to an equivalent illuniin 
0-23 lux (Table XVL). 
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The second curve refers to the distinct visibility of the 
details, which corresponds to an equivalent illumination 
of 0*46 lux. 

In these curves the abscissae represent the value of the 
probabihty, which is itself a function of the coefficient of 
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transparency, as is seen in Table XIII. The two curves 
have been traced with the aid of four values calculated for 
the totals of probabihty of 1/10, 5/10, 7/10 and 9/10. 

With the aid of the curve in Pig. 9 it becomes an easy 
matter to calculate the corresponding illuminations. For 
instance, it is found that for the Umit of visibiUty the 
average probabihty of 1/10 in autumn (i.e., one day out 
of ten) will be reached if the searchUght gives a practical 
illumination Cp of 2*67 lux. In order to be certain to observe 
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the objective five days out of ten, 3*43 lux will be require^! ; 
seven days out of ten, 4-42 lux ; nine days out of ten, 
13-86 lux. 

For a good visibility of the details, the corresponding 
numbers will be : — 

1/10, 6-23 lux 
6/10,6-72 „ 
7/10,8-65 „ 
9/10,27-10 „ 

With the help of these curves, according to the value of 
the probabiUty it is intended to obtain, the corresponding 
size of searchlight will have to be chosen. 

For instance, in the case of searchlights without flashing 
shutters, it will immediately be seen that in order to be 
certain under the above-mentioned conditions and at the 
limit of visibility to succeed, five days out of ten, it will 
be sufficient, with low voltage carbons and a focal length 
of 40 per cent, of the diameter, to use a searchUght of 
0-40 metre (Table VI.). 

If on the contrary it is desired to obtain a probability of 
7/10, i.e., the certainty of seeing the object seven days out 
of ten, with the same focal length, a searchlight provided 
with flashing shutters will have to be of 0-60 metre diameter. 

Finally, if it is desired to illuminate at the hmit of visi- 
biUty nine days out of ten, it will be necessary, with flashing 
shutters, to have a searchlight 0*76 metre in diameter. 

These sizes might be reduced if the mirrors were of long 
focal lengths, and 0*60 metre would then be sufficient instead 
of 0-76 metre. The width of the illuminated zone would, 
however, be less, as is shown in Table IV. 

If on the contrary high voltage carbons are used, a more 
powerful illumination will be obtained for the same size, 
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and Table VI. will show what mirror diameter must be 
used. 

It will be noticed how rapidly the necessary illumina- 
tion increases as the value of the probability increases, 
that is, as the average coefficient of transparency is 
reduced. 
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Thus, in order to obtain a good visibility of the objective, 
and if it is desired to illuminate nine days out of ten, a 
searchlight is necessary of 1-10 metres in diameter and a 
focal length of 40 per cent., of the mirror diameter or a 
searchlight 0-90 metre in diameter and a focal length of 
60 per cent, of the diameter. 

We have made the same calculations in a far more favour- 
able climate — during spring in the Mediterranean, which 
comprises the South of France, Italy, Spain, etc. (Tables 
XIV., XV.). The objective and the range remained the 
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same, and in Fig. 12 will be seen the reduction in the illumina- 
tion necessary. Thus, for the limit of visibility and for a 
probability of nine days out of ten, 4*11 lux are sufficient with 
a 0*50 metre searchlight with flashing shutters. For good 
visibility of details 8-04 lux is sufficient with a 0-60 metre 
searchlight with flashing shutters and the same focal length. 

ILLUMINATION OF A FORT OR BATTERY. 

Raiig€ : 8^000 nwtrm 

Climate: NorA of Prane^ (in Autumn) 
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It is of interest to work out similar calculations for the 
same object and for the two climates considered, but for a 
range of 6,000 metres. 

As regards the Climate No. 1 (North of France), we have 
indicated the analogous curves in Fig. 13. It will be seen 
that the limit of visibihty for the probability value of 
nine days out of ten, requires the high illumination of 
189*80 lux, that is, the use of a 2 metre searchlight 
without flashing shutters with high voltage carbons and a 
focal length of 40 per cent, of the mirror dianieter. 
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For a good visibility of the details it would not be pos- 
sible to obtain a probability value of 9/10, because the 
necessary practical illumination ^ould attain 272*70 lux, 
which would necessitate a searchlight considerably larger 
than 2 metres, which is the largest in use up to the present 
for coast* defences with ordinary carbons. 
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The hmit of visibiUty already requires 21-30 lux for a 
probability of 7/10. This means with low voltage a 0-90 
metre searchlight and with high voltage 0-76 metre. With 
flashing shutters a 0-60 metre searchlight might be used 
for high voltage, but with a long focal length, consequently 
with a considerably smaller illuminated field. 
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In Pig, 14 the corresponding curves are given for the 
Mediterranean cUmate. The influence of the transparency 
will at once be noticed, seeing that it is possible to attain 
the probabiUty value of 9/10, either for the limit of visi- 
bility or for the visibility of details, without being com- 

»LLUMINATION OF A BODY OF INFANTRY IN DARK UNIFORMS. 

Remge : 2,000 mttres. 

Ciimate : Average France and Central Europe (in Spring). 

Average for the Season. 
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pelled to employ abnormal sizes of searchhghts. Thus, 
the hmit of visibility requires Cp = 17-82 lux, obtainable 
from a searchlight of 0*75 metre with high voltage, or 
of 0-90 metre with low voltage; for the visibility of 
details, 34*86 lux, obtainable from a low voltage 1*20 
metre searchlight or from a high voltage 0*90 metre 
searchlight. 

It will be possible in each case to decide from Table VI. 
on the most suitable searchlight, depending upon its 
employment either on ships, mihtary field service, fortresses 
or coast illumination. 



(2) VisihUity of a Troop of Infantry loith Dark Uniforms. — 
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In Fig. 15 is shown the limit of visibility of a troop of infantry 
for a range of 2,000 metres in spring and a climate corre- 
sponding to continental Prance, Belgium, the South of 
England and the centre of Germany. (See Table XIII.) 
As in example No. 1, it is assumed that the observer and the 
searchlight are at equal distances from the objective, 
i.6., V = L /^ 

The limit of visibiUty with field-glasses, when firing at 
such an objective, corresponds to an equivalent illumination 
of 1-80 lux. It will be seen that the necessary illumination 
to attain a value of 7/10 is already 12-40 lux and for a value 
of 9/10, 24 lux. 

In Pig. 16 is shown three curves which also refer to the 
illumination of foot soldiers standing out from a dark 
background. The equivalent illumination is 3*6 lux for 
the limit of visibihty with field-glasses and 6 lux for the 
limit of visibiUty with the naked eye. 

The two upper curves refer to a range of 2,000 metres in 
the same cUmate (average for Prance and Central Europe in 
spring) as that chosen for the curve in Pig. 15. 

The lower curve corresponds to the limit of visibiUty with 
the naked eye at a range of 1,500 metres. 

It wiU immediately be seen that a considerable illumina* 
tion is required for the visibility with the naked eye. Thus 
at a range of 2,000 metres, no less than 41*35 lux are required 
to attain the probabiUty of 7/10. 

(3) Visibility of a Troop of Cavalry on a Dark Back- 
ground^ V = I. — Pig. 17 Tefers to this example. The equi- 
valent iUumination for the limit of visibility with field- 
glasses is 1-40 lux. 

We have assumed a range of 2,000 metres and the same 
climate as that considered in the preceding example with 
regard to foot soldiers. 
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(4) Visibility of a Large Light-coloured Building , Hospital 
Barracks, Storehouse, V = l. — The equivalent illumination 
for this lighting is 0-34 lux for good visibility of the details 
with the naked eye, and of 0-20 lux for the same visibility 
of details but with field-glasses. 
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These curves have been worked out for a continental 
climate as an average for Prance, Belgium, England and 
Germany in winter (see Table XIIL), and for a range of 
6,000 metres. 

It will immediately be seen that the visibility of details 
already requires for a probability of 7/10 with field-glasses 
42'1 lux, and for vision with the naked eye, 71-6 lux. 
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It would therefore be necessary to provide a searchlight 
from 1-20 metres to 1-50 metres according to the focal 
lengths and the voltage chosen. (See Table VI,) 

. (6) Visibility of a Village, Bridge, and a Crossing of 
Roads, V = I. — The curves corresponding to these objectives 
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are represented in Kg. 19. A range of 3,000 metres is 
assumed, also that the observer and the searchUght are at 
equal distances. The climate chosen is the same as that 
for the preceding example in winter. (See Table XIII.) 

The equivalent illumination for the hmit of visibility 
with field-glasses is 0-27 lux, and for the limit of visibility 
with the naked eye 0*37 lux ; for good visibihty of details 
with field-glasses, 0*5 lux. 

In the same figure are also given the curves corresponding 
to the same objective illuminated at a distance of 5,000 
metres, but in a good climate, that is, in summer and in the 
Mediterranean. 
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HO-UMINATION OF A VILLAGE. BRIDGE. OR A CROSSING OF ROADS. 
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By comparing the curves in Kg. 19 for a range of 3,000 
metres in the north and of 6,000 metres in the south a con- 
siderable difference will be noticed due to the atmospheric 
transparency. Thus, the visibility of details with field- 
glasses at a range of 5,000 metres and the probability value 
of 9/10, only requires an illumination of 89*05 lux, whereas 
in the north it is difficult to attain this high probability, and 
to do so would require a searchlight of abnormal size. 

(6). Visibility of a Detachment of Infantry in a Moun- 
tainous Climatey V = I. — We have assumed that it is 
desired to illuminate a detachment of infantry in a moun- 
tfidnous climate against a snowy background. The illumi- 
nation equivalent to the limit of visibility with the naked 
eye is 1-6 lux. For a large mass of infantry this illumination 
falls to 1 lux. 

The curve immediately indicates that if it is desired to 
see the detachment at a distance of 3,000 metres (assuming 
the searchlight and the observer to be at equal distances 
from the objective) an illumination of 15*95 lux will be 
required ; and if the range is 5,000 metres 60-85 lux. 

For a mass of infantry 10-64 lux would be sufficient at 
a distance of 3,000 metres and 33-9 lux at a distance of 
5,000 metres. 

Li actual practice the visual sharpness or acuity would 
make it impossible to observe with the naked eye a small 
detachment of foot soldiers at a distance of 6,000 metres, 
and field-glasses would be required ; probably, however, 
a large mass of infantry could be distinguished. 

If these figures are compared with those previously given 
it will be seen what an enormous advantage is reaUsed 
by the extreme transparency of the air in mountainous 
districts, and by the effect of contrast due to the snowy 
background. 
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Mabine Objectives. — (7) Visibility of an Armoured 
Warship, V = I. — For the limit of visibility with glasses to 
permit of firing at a large armoured warship, the equivalent 
illumination is 0*28 lux. 

We have traced in Fig. 20 curves corresponding to the 
limit of visibility with glasses for a range of 5,000 metres 
in two different climates — ^in the Channel and in the 
Mediterranean — ^for values of the transparency coefficient 
as an annual average. (See Table XII.) 

From this, the conclusion is drawn that it would not be 
possible in the Channel to obtain the limit of visibility for 
a probability value of 9/10 ; whereas in the Mediterranean 
there will be no difficulty in attaining the necessary illumi- 
nation of 19-16 lux. 

(8) Visibility of a Dark-coloured Torpedo-boat, V = I. — 
The equivalent illumination corresponding to the limit of 
visibility with glasses in the case of a dark-coloured torpedo- 
boat is 0-70 lux. 

If a good visibiUty of the details with glasses is desired, 
1 lux must be allowed for. 

In Fig. 21 are shown the corresponding curves of illumina- 
tion, where they are given for the two climates — ^the Channel 
(annual average) and the Mediterranean (annual average) — 
for a range of 8,500 metres. As in the case of the armoured 
warship, it will not be possible to attain, without the use of 
searchlights of abnormal size, a probability of more than 
7/10 in the Channel ; whereas in the Mediterranean, with 
normal sizes of searchlights, it will be easy to obtain a 
probability of 9/10. (See Table VI.) 

(9) Visiirility of a Black Buoy or of the Turret of a Svh- 
marine, V = I. — The illumination of a buoy is referred to in 
Fig. 22, the equivalent illumination of which, for the limit 
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It will be seen that with the Channel climate, and in 
order to illuminate a black buoy and to attain a probabiUty 
of 9/10, an illumination of 65*8 lux is necessary, and for the 
turret of a submarine 68-6 lux ; whereas for the Mediter- 
ranean cUmate these values are reduced to 24-5 lux and 
25-5 lux respectively. 

If reference is made to the equivalent illuminations in 
Table XVI,, it will be seen that the illumination of a red 
buoy is much more favourable. No calculations have been 
worked out with this hypothesis, but the curve will make it 
possible to readily obtain the necessary illuminations for 
any particular range and climate, 

Problbm of Illumination in wmcH the Range is to 
BE Determined, the Illumination of the Search- 
light AND THE Nature of the Objective being 

ALREADY KNOWN. 

This problem is the inverse of the preceding one. Assum- 
ing that a given size of searchlight is available and that the 
practical illumination is known, the question to be asked^ 
is. What will be the range which can be obtained under 
certain given atmospheric conditions for a given objective ? 

In the following examples it has been assumed that the 
observer and the searchlights were placed at equal distances 
from the objective, that is to say, V = I. 

Illumination of a Village, a Crossing of Roads, 
AND A Bridge, with 0*60 metre and 0-90 metre Search- 
lights (Ranges Required). — It is assumed that the 0-60 
metre searchUght has a focal length equal to 40 per cent, 
of the mirror diameter and that it is provided with high 
voltage carbons and flashing shutters. 

Under these conditions it is found, that Cp = 16-7 lux. 
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ILLUMINATION OF A BLACK BUOY. 
ILLUMINATION OF A SUBMARINE TURRET. 
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The 0-90 metre searchlight is also provided with high 
voltage carbons and flashing shutters, and has a focal 
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length equal to 40 per cent • of the mirror diameter. Table VI. 
indicates that the practical illumination e^ is equal to 
33-56 lux. 

The equivalent illumination e^ of the objective in question 
is 027 lux, being the hmit of visibility with glasses. 
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We finally assume that the climate chosen is summer in 
the East of France, for instance in Champagne. (Bee 
Table XIIL) 
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The preceding curves and tables make it possible to cal- 
culate the ranges which will be obtained. The curves in 
Fig. 23, which summarise these calculations, have as 
abscissae the value of the probability and as ordinates the 
ranges. 

It will be seen that the 0*60 metre searchlight will 
have a range of 6,250 metres in the most favourable case, 
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with a probability of 1/10. At the probability value of 9/10 
the range will fall to 3,800 metres. 

For the 0-90 metre searchlight the ranges will be respec- 
tively 8,800 and 3,920 metres, 

Illumination of a Troop op Infantry xn Dark Uni- 
forms (Ranges Required). — The same searchUght is 
employed as before. 

The equivalent illumination of the objective €^ = 1-8 
lux as representing the Umit of visibility with glasses for 
firing. The climate assumed is that of spring in the East 
of Prance, Argonne for instance. (See Table XIII.) 

In the most favourable case, the 0-90 metre searchlight 
will give a range of 3,800 metres, and that of the 0*60 
metre searchUght a range of 2,200 metres. 

For a pi:obability value of 9/10 these ranges will be 
reduced to 2,226 and 1,510 metres respectively. 

Illumination of a Port, a Permanent Structure, or 
A Phurch Steeple (Ranges Required). — These two 
illuminations correspond to the same equivalent illumination 
€^ = 0*23 lux, for the Umit of visibihty, either with glasses for 
the fort or with the naked eye for the steeple. 

With the same sizes of searchlights as those considered 
above, i.e., 0-60 metre and 0-90 metre, and a climate assumed 
to be in the North of Prance and Belgium in winter (see 
Table XIV.), an enormous variation of the range for the 
probabihty values of 1/10 and 9/lt) wall be seen. In this 
connection the curves in Fig. 25^ are very instructive. 

Illumination of a Modern Armoured Warship 
(Ranges Required). — The curves in Pig. 26 compare the 
illumination of an armoured warship by two searchlights. 
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one having a diameter of 1*50 metres and the other of 2 
metres, the largest at present in use on the coasts. 
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The assumed climate is that of the Channel at its annual 
average- (See Table XXII.) 

The limit of visibility with glasses corresponds to an 
illumination of 0*23 lux« 
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With a focal length of 60 per cent- of the mirror diameter, 
high voltage carbons, and flashing shutters, the practical 
illumination ^ of these searchlights is 96*8 lux for the 
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1*50 metre searchlight and 164'8 lux for the 2 metre search- 
Ught. (See Table VI.) 

It is interesting to note that, according to Pig. 26, the 
range would reach 13,800 metres for the 2 metre searchhght 
and 12,000 metres for the 1-50 metre searchhght for a 
probability of 1/10, but that it would fall to 4,490 and 4,100 
metres respectively for the probabiUty value of 9/10, It 
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must, however, be noted that the extreme figures given for 
the ranges must only be accepted as approximate, because 
the phenomenon of the visual sharpness interferes with the 
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visibility at a great distance and always tends to reduce 
the range. 

In Pig, 27 are shown the curves corresponding to the same 
objectives for the annual average climate of the Mediter- 
ranean (see Table XII.), the two searchlights compared 
remaining the same. 
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L[iLUMINATION OF A DaRK- COLOURED TORPBDO-BOAT 

(Ranges Required), — La Pig. 28 are shown the compared 
ranges of two searchhghts, one of 0-90 metre, the other of 
1*10 metres diameter, of modem construction, with high 
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voltage carbons, flashing shutters, and a focal length of 
40 per cent, of the mirror diameter. 

The limit of visibihty with glasses for the objective in 
question corresponds to e^ = 0-7 lux. 

The cUmate chosen in Fig. 28 is that of the Channel 
(annual average). 

Li Pig. 29 the ranges are given, the same objective and 
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searchlights, corresponding to the climate of the Mediter- 
ranean. 



ILLUMINATION OF A TORPEDO BOAT OF DARK COLOUR. 
Pnbakl9 lUutgm ft a S^arcMfgkt of 0-90 m§tr$ am4 for a Storekligkt of 110 

for tke limit of uiotbilitif wftk fhUghMto for fiHmg. 

Climatt : MediUrranean 



6000 



7000 



0000 



0000 



4000 



3000 



2000 



1000 







(D 



Modem ISearch/ight, S'ze 110 



Modern 



metres 



Searchlight, Size 0'90 metre 



Aiumai 




0-0 



0-1 



0-2 



0*3 0*4 0'5 0*6 

VALUE OF PROBABILITY 

Figure 29 



0*7 



0*8 



0*9 



1*0 



Determination op the Ranges, the Distances from 
THE Objective to the Searchlight and to the 
Observer being different. 

As previously explained, the general curves in Fig. 10 
make it possible to solve the general problem of ranges, 
where the distance I between the searchUght and the 
objective and the distance V between the observer and the 
objective are no longer the same. 
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Li order to illustrate the manner of applying the curves 
we shall examine two cases — one referring to a military 
operation on a land objective and the other to an operation 
on a marine objective. 

Illumination op a Trench. — In Table XVI. are given 
the equivalent illuminations c^ for a series of objectives, but 
corresponding values are not given for modem campaign 
trenches and works. 

Experiments in respect of the illumination of modem 
trench works are not very numerous, but the two following 
approximate values will be of interest : — 

Limit of visibility with glasses, c^ = 0-35 lux. 

Good visibility with glasses, c^ = 0*5 lux. 

Taking this latter value of the equivalent illumination, 
assume that it is desired to illuminate a trench with the aid 
.of a 0*90 metre searchhght having a focal length of 40 per 
cent, and provided with high voltage carbons and flashing 
shutters. 

Table VI. shows the practical illumination in such a case 
to be €, = 38-56 lux. 

The illuminated field under these conditions is given 
in Table IV., and corresponds to an illuminated zone 60 
metres in diameter at a distance of 1,000 metres. 

The general curves of Fig. 10 comprise in double series 

the scale which corresponds to the ratio-^, as does also the 

scale which corresponds to the coefl&cients of transparency. 
In order to facilitate the readings we have in effect 
multiplied the normal scale by a coefl&cient, which makes 
it possible to give to the double scale a far greater extension. 
Thus the normal scale of the transparency coefficient is 
from the value 1 to 0-10. The second scale is from the 
value 1 to 0-80. 
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Regarding the scale — , this is also largely extended, and 

the scale comprises the space between O-OOOOOl and 0*02. 

Under these conditions it is easy to calculate the values 
I and V corresponding to the example under consideration 
of the illumination of a trench. 

In Table XVII. are given the values of j, read on the 

curves and corresponding to a value of the transparency 
coefficient of a = 0"911, that is, to the average weather 
of cUmate No. 2, or a probabiUty value of 5/10. 

Upon examination of the values in Table XVII. it will 
immediately be seen that, if the observer is indefinitely 
brought nearer to the object when the distance V is equal 
to zero, the range of the searchlight, i.e., the distance which 
separates it from the object, attains the extreme value of 
6,150 metres. 

On the contrary, if the observer goes further away from 
the object, the value V increases and the value I diminishes 
in proportion. 

We have continued the calculation until the value of 

the ratio t = 2, which means that 

1 = 4,400 

V = 8,800 

When the two values are equal, 

l = V = 5,080 metres. 

A special diagram is given in Fig. 30 which summarises 
these calculations. It has been drawn in polar form, start- 
ing from a circle the diameter of which is equal to the value 
of I, when V = 0. A vector which starts from the origin gives 
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by its intersection with this circle the distance I ; the distance 
V is represented by that part of the vector betwef " 
circle and the curve which hmits the sum of the tv 
tances I + I'. As the curve in Fig. 10 does not alio 

Table XVII, — Illumination of a Trench. 
Equivalent illumination . . c. = 0'5 lux. 
Practical illumination . • h = 88*56 lux (0-90 metre searcl 
Coefficient of transparency, . a = 0'911 lux. 

Value of the ratio . . . ^ = 0-0149 lux. 



Ratio J. 
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ratio -J = 2 to be exceeded, the tracing of Fig. 30 has 

completed by a calculation with the aid of the gt 
formula (26), from which is obtained 
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It is easy to see that as the distance between the search- 
light and the object decreases, the distance between the 
observer and the object rapidly increases. 

From a practical point of view in the use of searchlights, 
these considerations will be of considerable importance. 

Suppose that it is desired to carry out a night operation 
on enemy trenches, under the atmospheric conditions 
assumed in the calculation, an attempt will first of all be 
made to place the searchlight as far as possible from the 
object to be illuminated in order to diminish the probabiUty 
of its being hit by the artillery firing. For instance, in the 
case under consideration, the 0*90 metre searchlight would 
be placed at a distance of 5,000 metres from the object. 
At that distance a sufficient visibility would be obtained, 
and the diagram shows that the observer might be placed 
at practically the same distance. 

If the position of the searchlight appears dangerous and it 
is desired to take it still further away, it will then be neces- 
sary to bring the observer nearer the objective in order to 
maintain the same visibiUty. 

The diagram indicates that if the searchlight were to be 
withdrawn to a distance of 5,800 metres from the object, 
it would be sufl&cient if the observer were to approach to 
a distance of 1,650 metres in order to see distinctly the 
objective to be attained. Under such conditions, it would 
naturally be necessary to connect the observer and the 
searchlight by a telephone, so as to enable the former to 
give the necessary directions to those in charge of the working 
of the searchlight. 

The opposite case might also present itself. It might be 
found possible to take the searchlight nearer the object 
and to place the observer further away ; for instance, if 
for various reasons the batteries under orders to attack 
the enemy were to be placed at a great distance. Thus, the 
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calculation shows and the drawing indicates that if the 
searchlight is placed at a point 4,700 metres from the 
objective, the observer may safely install himself at a distance 
of 7,050 metres and give, from there, his instructions to the 
batteries attacking at that distance. 

Calculations have been made respecting the increase of 

r 
the values of the ratio j until I = 1 kilometre and T = 44 

kilometres. Theoretically it is possible to conceive that the 
searchlight comes ever nearer to the objective until it 
actually coincides with it. The observer then withdraws 
to a maximum distance, which is easily obtained by calcu- 
lation. In view of this, it is sufl&cient to note that an 
object placed at the distance of 1 metre from the search- 
light receives the maximum illumination obtainable from 
the searchUght and that the distance V, at which the 
observer finds himself, is naturally a maximum. If it is 
desired to calculate this extreme case, the values I and V 
must be given in metres instead of kilometres, and the 
coefficient will also correspond to a length of 1 metre 
instead of 1 kilometre. 
Thus for the objective under consideration, 

I = 1 metre, V = 265*50 kilometres. 

These calculations only present a theoretical interest 
to show the extreme Umits of the law of ranges. It must, 
however, never be lost sight of that the visual sharpness 
restricts the visibility at a great distance and leads to quite 
different numerical values, which, in the present state of 
knowledge on the technics of searchlights, we are unfor- 
tunately not yet able to calculate. 

Attack on a Coast Fortress by a Squadron. — This 
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second example is of great interest, because it refers to a 
case which may easily occur in practice. 

If it is supposed that a coast fortress is attacked by a 
squadron, the assailing warships will naturally range them- 
selves at the greatest possible distance in order to diminish 
the effectiveness of the enemy's firing. It will be^ entirely • 
to their advantage during the night to have their lights 
screened and not make use of their searchlights, or at least 
as little as possible. It will nearly always be desirable to 
entrust the illumination to Hght vessels, cruisers, and others 
which are able to manoeuvre quickly to any position. 

Under these conditions, the distance I between the search- 
light and the objective will generally be less than the distance 
V between the observer and the objective, seeing that the 
observer will naturally be placed on the assailing armoured 
warships. 

Table XVI. gives the equivalent illuminations, and also 
indicates the value e^ = 0*45 lux, which represents a good 
visibility with glasses, of a fort. 

We assume that the available searchlight has a diameter of 
I'lO metres with high voltage carbons and flashing shutters, 
the focal length being 60 per cent, of the mirror diameter. 

Table VI. then gives €p = 57-05 lux for the value of the 
equivalent illumination. 

We also assume that the operation takes place in the 
Mediterranean during average weather, corresponding to 
a = 0-982. (See Table XII.) 

In Table XVIII. and in Fig. 31, which is really the same 
as the former, are shown the results given by the general 
curve. 

It will be seen that it is possible for the distance I, which 
is the limit between the searchlight and the objective, to 
attain 8,850 metres when 

V = 
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v 

When the ratio J- = 1, Z = r = 6,900 metres. 

If the look-out ship operating the searchlights approaches 
to within 2,000 metres of the fortress, the assailing ship can 
place itself at a distance of 8,000 metres. 



Table XVIII. — Illumination of a Coast Fortress* 

Equivalent illumination ' . Co = ^*^^ lux. 

Practical illumination . . «, = 57*05 lux (I-IO metre searchlight). 

Coefficient of transparency . a = 0'982 lux. 



Value of the ratio 



. i? = 000789 lux. 
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When the ratio j increases and attains the value 2, the 

look-out ship being placed at I = 6,000 metres, the assailant 
can withdraw to 6,000 metres. 

The example demonstrates the practical use of the general 
curve and its uses for the most varied problems that are 
required to be solved. 
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For the extreme values, 

1=1 metre, V = 193-50 kilometres, 

the calculation is the same as in the preceding example, but 
special reservations must be made in respect of the influence 
of visual sharpness. 



CHAPTER IX 

THE VARIATION IN THE RANGES ACCORDING TO THE SIZE OP 
SEARCHLIGHT AND THE ATMOSPHERIC TRANSPARENCY 

In a preceding chapter we have analysed the variation 
in the practical illumination given by a series of search- 
lights, depending upon the diameter of the reflector. 

In Figs. 5 and 6 are given curves of the practical illumina- 
tion €p as a function of the size of searchlight. Effort has 
been made to find the equation of these curves, which are 
exponentials, the exponent being a constant. 

A similar investigation may be carried out in respect of 
the ranges. In effect, the question may be asked how the 
ranges vary with the diameter of the searchlight. 

If a series of searchlights are taken having the same ratio 
of focal length to the diameter, it is possible to calculate the 
various ranges obtainable for a given coefl&cient of atmo- 
spheric transparency and a specified objective. 

In Fig. 6 is given the curve of ranges for a series of search- 
lights, the focal length of which is 60 per cent, of the 
diameter, assuming an objective with an equivalent illumi- 
nation of Co = 0-5 lux, an atmospheric transparency with a 
coefl&cient a = 0"90 and an equality of the distances I and V. 

It will be observed that the curve in question is concave 
in respect to the abscissa, or the diameters of the search- 
lights. On the other hand, the curve of the illumination 
is convex in respect to the abscissa. 

The analytical examination of the curve of the ranges in 
Fig. 6 shows that it is an exponential, the equation of which 
is as follows : 

(29) I = (2a)^'^'^ 
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I being given in kilometres, and A, diameter of the mirror, 
in decimetres. 

If the equation (29) is compared to the formula (20), 
which refers to the curve of illumination, it will immediately 
be seen that the exponent of the exponential of the ranges 
0-675, is much lower than the exponent of the exponential 
of the illumination. The range therefore increases far more 
slowly than the illumination for the same series of search- 
lights. 

It niay now be asked whether the formula, which connects 
the range to the diameter of the reflector, varies considerably 
with the coefficient of transparency. 

In order to study the question, the ranges have been 
calculated for a series of searchUghts having a focal length 
of 60 per cent, of the diameter and for a series of values 
of the transparency coefficient, the three most important 
values being shown in Table XIX. Climate No. 1, North of 
France, is assumed, and the following three values of the 
annual average : — 

Clear weather a = 0-962 

Average weather .... a = 0-900 
Misty weather a = 0-644 

In Fig. 82 are shown the various curves of range, each 
corresponding to the preceding values of the transparency 
coefficient, and, for the sake of greater completeness, calcu- 
lations have been made of the ranges corresponding to the 
intermediate values a = 0-70, a = 0-80, and, finally, to 
the value a = 1, where the transparency is perfect. 

It will be seen that these various curves are really 
exponentials, as already indicated by the curve in Fig. 6. 

These exponentials comprise, as being variable, the 
diameter of the reflector, or rather double of the diameter. 
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For a = 0*8, the exponent is 0'472. 
For a = 0-962, the exponent .is 0-680. 
Finally, for a = 1, the exponent is 0-775. 

It will be seen that, even when the transparency is 



Table XIX. — Variation of the Range with the Seabchuoht 

Diameter. 

High voltage without flashing shutters, A = 1-666 / (Table VI.). 

c^ = 0-5 lux. 



Diameter 

of the 
Reflector 

A. 


Practical 
lllamination 

in lax. 


Ratio 

ff 


Ranges in Metres. (Annual Average. 
Climate North of France.) 


MUty 

Weathet 

a = 0-644. 


Average 

Weather 

a = 0-900. 


Clear 
:Weather 
a » 0*902. 


Metres. 
0*80 
0*40 
0*50 
0-60 
0-75 
0*90 
110 
1-20 
1-50 
2 00 


715 
11-97 
17-87 
24-60 
85-90 
46-75 
68-70 
71-00 
110-00 
181-50 


0-0695 

00418 

0-0288 

0-02082 

0-01892 

001070 

000785 

0-00704 

0-00454 

000275 


Metres. 
1,770 
2,025 
2,280 
2,440 
2,670 
2,880 
8,020 
8,100 
8,890 
8,720 


Metres. 
2,880 
8,480 
8,900 
4,440 
5,000 
5,400 
6,000 
6,200 
7,000 
8,050 


Metres 
8,850 
4,210 
4,960 
5,700 
6,500 
7,800 
8,850 
8,620 
10,010 
12,000 



perfect, the increase in the range is smaller than the increase 
in the size of the reflector. 

The mistakes made by taking the exponential curves 
just indicated instead of the actual points which would 
be given by the formula of ranges are very shght ; they 
hardly attain 1 to 2 per cent, so long as the coefficient of 
transparency is not less than the value a = 0-6. 

All the foregoing calculations have been carried out on 
the assumption that the searchhght and the observer are 
at equal distances from the objective, that is, V = h 

If the preceding considerations are summarised, it 
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may be said that the illumination varies as a power of the 
projector size approaching 2, and which, according to what 
has been observed, is approximately 1-72. The range varies 
with a power of the size, which approximately increases 
from 0'36 to 0'775 for coefficients of transparency, which 
also vary from 0*664 to unity. 

These curves and their expressions in equations prove 
how enormous is the influence of the atmospheric trans- 
parency on the range. 

If, therefore, it were desired to obtain ranges much 
greater than those obtained at present, it would be necessary 
to have searchUghts of abnormal diameters, which would 
be quite immobile and unable to follow armies on active 
service or for warlike operations on land. 

For ship work it is less difl&cult to utilise large sizes, 
because it is possible to arrange, during the construction 
of the ship and in advance, the position which they would 
occupy. 



CHAPTER X 

VISUAL ACUITY OR SHARPNESS 

As explained in Part II • of this work, the phenomenon 
of visual sharpness always influences the visibility of the 
objects illuminated by electric searchhghts. 

This influence increases considerably as the size of the 
objects, or the visual angle subtended by them, diminishes. 
Where this angle falls below a certain limit the visibility 
only becomes possible by means of an enormous increase 
in the illumination. 

Physiologists are in the habit of defining the visual 
sharpness as the angle subtended by the illuminated object. 
The unit of visual sharpness corresponds to an angle sub-^ 
tended by an object, the height of which is 5 minutes and a 
width of 1 minute. This is an extreme limit, which is usually 
not attained by an average sight. An eye, the visual 
sharpness of which is the unit, therefore corresponds to a 
piercing sight. Below this angle, in order to perceive the 
size and shape of an object, a quite exceptional sight is 
required. 

The influence of the visual sharpness on the range of 
electric searchhghts has been fully explained, from a 
theoretical point of view, by M. Blondel. In a note sub- 
mitted to the Academy of Sciences on January 4th, 1915, 
and published in the issue of the ** Comptes Eendus " 
of January 11th, M. Blondel gave the general formula 
of ranges, taking into account the visual sharpness, either 
for observation with the naked eye or for observation 
with the aid of glasses, the optical constants of which 
naturally enter into the calculation. 
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The general formulae arrived at by M. Blondel, and which 
give the complete solution of the range problem, comprise 
several coefficients, and their determination essentially 
depends on the objectives under consideration. The colour 
of the objects and that of the background, the dimensions 
and the shape of the illuminated objects, the contrast 
between the object and the background, are elements which 
all act on the visual sharpness and which render the study 
of the coefficients particularly difficult. 

In a second note, which appeared in the issue of the 
** Comptes Rendus " of January 25th, 1915, M. Blondel 
has attempted to determine the order of magnitude of one 
of the most important constants of these formulae, and in 
order to demonstrate the effect of the visual sharpness 
he has appUed it to the calculation of the illumination of a 
specified object. 

In this way M. Blondel has been able to demonstrate 
that for a specified object, the height of which for 
instance is 1-75 metres, and which is visible under a known 
illumination at a distance of 1,000 metres, is transferred 
to a distance of 5 kilometres, the influence of the visual 
sharpness alone would require an increase in the illumina- 
tion considerably more than that which would be required 
by an increase in the distance and the atmospheric 
absorption. 

It is therefore certain that for objects of small dimensions 
the influence of the visual sharpness becomes preponderant, 
where it is desired to greatly increase a range obtained with 
a specified size of searchlight. 

Unfortunately, in order to use in practice the new formulae 
by M. Blondel it would be necessary for each objective, to 
carry out a series of experiments at variable ranges and well- 
defined illuminations, as well as determining in advance 
the coefficient of transparency. Only in this way would 
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it be possible to fix the values of the coefficients which enter 
into the complete formulae. 

In none of the experiments referred to which were 
carried out by the military commissions, either in Prance 
or abroad, have methodical observations been obtained 
capable of determining the coefficients of visual sharpness. 
However, these experiments have made it possible to 
approximately fix the equivalent illumination. The value 
of the equivalent illumination itself already takes into 
account the influence of visual sharpness, but in an incom- 
plete manner, which makes it impossible to deduce therefrom 
the exact values of the ranges, when departing to any great 
extent from the conditions under which the experiments 
were carried out. 

It is to be hoped, in conclusion, that the naval and mihtary 
officers and the constructional engineers will in the future 
see that '"methodical trials are organised in order to deter- 
mine for the principal objectives which may be met with 
during a war the average values of the coefficients which 
are contained in the general formulae given by M, Blondel, 
and which alone will make it possible to determine with 
absolute accuracy the calculations of the ranges of electric 
searchUghts. 
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by an inclined straight line. It is easy to see that for a 20 
millimetre carbon, for instance, the maximum intensity would 
reach 165 amperes. Moreover, only with carbons of special 
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NOTE A 

The Determination of the Diameter of the Crater as 
given by formitla no. 7 and with the assistance op 
A Graphic Diagram 

The formula No. 7, which gives the diameter of the positive 
carbon crater S as a f miction of the diameter D of the carbon , 
and of the intensity I in amperes, is as follows : 

S = 0-344\/DL 

It is easy to represent this formula by a graphic diagram 
(Fig. 34) in such a manner as to make it possible to directly 
read every calculation at sight. 

It will be observed that in Fig. 34 the horizontal scale gives 
the diameter of tlie positive carbon in millimetres, the right- 
hand vertical scale, the diameter of the crater, and the left- 
hand vertical scale, the intensity in amperes. 

Knowing the diameter of the carbon, say 20 millimetres, 
and the intensity in amperes, say 50 amperes, it will at once 
be seen that the diameter of the crater S is 12 millimetres. 

The same curve also gives the maximum current admissible, 
and which, for the carbons usually employed, corresponds 
to a diameter of the crater equal to the diameter of the positive. 

Assuming that 5 = D, it is found that 

S = (0-334)* I, or 6 = 0-118 I, or I = 8-45 8. 

This maximum current intensity is represented in the diagram 
by an inclined straight line. It is easy to see that for a 20 
millimetre carbon, for instance, the maximum intensity would 
reach 165 amperes. Moreover, only with carbons of special 
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construction would it be possible for a current of 165 amperes 
to flow through a 20 millimetre carbon. 



NOTE B 

The Use of the Graphic Diagram in Fig. 8, where the 

Distances Z and T are Unequal 

The curve in Fig. 8, which summarises the equation of ranges, 
represents the case where the distance I between the search- 
light and the objective is equal to the distance V between the 
objective and the observer. 

It is not possible, however, to directly make use of this curve 
in the general case where the two distances are no longer equal — 
for instance, in the case where I = V the equation of ranges 
is written as follows : — 

In the case where I is different from I' 

V = a?,. 

The equation of ranges will then become 

By taking the logarithms of the two members of these two 
equations of ranges they will give 

log ^ = Z log a^ - 2 log I 
log ^ = ?i log a (1 + a) - 2 log Zj. 

It will at once be seen that these two equations are analogous. 
The value Zj that is to say, the new distance between the search- 
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light and the objective, may be read on the same scale as 2, 
provided a be represented by the transformed value 

2 

a' = ai + «* 

M. Batifoulier, who communicated this solution to us, has 
drawn up the diagram (Fig. 33) which gives the value of a\ 

The following is the manner in which this diagram must be 
used : 

Assume that the coefficient of transparency is known, 
as is also the first member of the equation of ranges, that 

IS, - . 

In the case where I = V it is easy to determine the value of 
range by the aid of the diagrammatic curyes in Fig. 8. 

In a general case in which I is no longer equal to l\ let it be 

I' 
assumed, for instance, that the ratio j is equal to 2. The curve 

in Fig. 8 must be read in the usual way, but with a vulue of the 
transparency coefficient a' instead of a, which is indicated in 
the second curve of Fig. 33. 

From the scale placed horizontally at the top of Fig. 33, and 

which gives the value of the ratio ?, the value 2 can be obtained. 

On the other hand, knowing that the coefficient of trans- 
parency corresponding to the value required is 0*8, this value 
of 0*8 can be read on the vertical straight Une corresponding 

to 1 = I. 

The inclined straight line, which starts from this point and 
again cuts the vertical straight line 2, corresponds on the right- 
hand vertical scale to a value of a' = 0*72 approximately, or, 
to be exact) 0*714. 

This value a' = 0*714 is that value which will have to be used 
with the curve in Fig. 8 in order to determine the value of the 

range, the ratio ~ being known through other considerations. 



148 APPENDIX 

NOTE C - 

Optical Illusion produced by the Illumination from a 
Searchlight on Observers situated within the Beam 

An optical illusion which is of very frequent occurrence is 
produced at a distance by the illumination from a searchlight 
on observers situated within its beam. 

It very often happens during miUtary operations that troops 
of infantry, pioneers making trenches during the night, convoys, 
aviators, etc., caught by the beam from a searchlight placed 
at a great distance, and finding themselves often very brilliantly 
illuminated, imagine that they are visible to the enemy and 
that they must take cover. 

It appears to be of considerable importance to analyse this 
phenomenon, which is likely to demoralise observers who are 
not famiUar with the employment of searchlights, and also to 
disturb useful operations which the cojnmand might prescribe. 

Take the following example. During the present war an 
aviator, entrusted with a night operation over the enemy lines 
in Belgium, declared that he was illuminated at a distance of 
12 kilometres by projectors of very high power, so much so 
that it was necessary for him to exercise all his ingenuity to 
escape from the beams of these searchUghts. 

Now, if the enemy artillery had been placed in the vicinity 
of the searchUghts, practically at the same distance from the 
objective (the aeroplane in question) as the illuminating appa- 
ratus, it is easy to see that in no case could the aeroplane be 
seen. 

Let it be supposed that a light-coloured aeroplane, having 
a spread of 12 metres, can be compared as regards its details 
and illumination to that of a light-coloured building of similar 
dimensions. It has been previously found that the equivalent 
illumination corresponding to such an objective is 0*23 lux for 
the limit of visibility with glasses. 

Taking this value, which certainly does not exceed the actual 
value, it will be found that for a coefficient of atmospheric 
transparency of 0'85, which may well be considered to corre- 



APPENDIX 149 

&pond to the average in winter for Flanders, a practical illumi- 
nation of 622 lux at 1,000 metres would be required in order to 
obtain a range of 12 kilometres. For such an illumination a 
searchlight having a diameter of 4*75 metres would be necessary, 
whereas -the most powerful searchlight in use by our enemies 
on the battlefield does not exceed 1*10 metres in diameter, 
and which gives under the most favourable conditions a prac- 
tical illumination of 50 lux at a distance of 1,000 metres. 

On the other hand, the illusion of an aviator who thus finds 
himself caught at a distance of 12 kilometres in the beam 
from a searchUght is caused by the illumination to which he 
is subjected. 

With the case in question, what is the amount of this illumi- 
nation ? The reduction of the practical illumination from the 
searchlight at a distance of 1,000 metres, after having traversed 
12 kilometres through the atmosphere having a coefficient of 
0*85 and taking into account the reduction due to the square of 
the distance, will be of approximately 1/1,000, that is to say, 
the observer will receive a degree of illumination about 1,000 
times less than that from the searchUght. Thus, a 1-10 metre 
searchUght will project on to the aeroplane an illumination of 
50/1,000, or 0*05 candle-power. 

Now, the full moon at its zenith gives 0*20 candle-power. 

The intensity of this illumination on the areoplane will there- 
fore be only one-fourth of that from the full moon at its zenith 
and will approximately correspond to the full moon at 20^ above 
the horizon. 

Such an iUumination makes it possible to see the time on a 
watch, and it is readily comprehensible that an observer, placed 
within a beam giving that degree of illumination, must feel 
that he is discovered by the enemy, whereas the latter, at a 
distance of 12 kilometres, is absolutely unable to perceive 
him. 

Take another example. On the Western front our soldiers, 
who were digging a trench at night at a distance of 7,600 
metres from a German p^rchUght 0*90 metre in diameter, were 
illuminated somewhat briUiantly and withdrew, fearing to be 
hit by the enemy fire. 
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Now, allowing for a good coefficient of transparency, 0*9 per 
kilometre, and bearing in mind that under the most favour- 
able conditions a 0*90 metre searchlight gives a practical 
illumination of 37 lux with high voltage carbons, and taking 
into account that the equivalent illumination of a trench is 
approximately 0'6 lux, it will be found that, supposing the 
observers to be placed at the same distance from the objective 
as the searchUght, the useful range would be 3,650 metres. 

It was therefore absolutely impossible for the enemy, unless 
he came very much nearer, to be able to distinguish the trench. 
On the other liand, the illumination to which the workers were 
subjected corresponded at the distance of 7,500 metres to 
0-296 lux. 

It is easy to understand that under these conditions they 
were sufficiently illuminated to justify them in supposing that 
the enemy could observe them, seeing that such a degree of 
illumination was approximately equal to one and a half times 
that which would have been given by the full moon at its zenith. 
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Vol. II.: Alternating-Current Machines: Tenth Edition, rewritten, 12mo., 

cloth, 353 pp Net, $2 . 50 

— Electric Traction and Transmission Engineering. 127 illustration. 12mo., 
cloth. 317 pp Net, $2.50 



\ 
i 



LISl OF WORKS ON ELECTRICAL SCIENCE. 11 

SLOANE, T. O'CONOR. Elementary Electrical Calculations. A Manual of Sim- 
ple Engineering Mathematics, covering the whole field of Direct Current 
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83.50 

WATT, AlKXAHDBR. ElectnpUtins and fieflainc of Metala Xetc Edition, 

nwiittan bjr Anibld PUIip. lIluBtrated &\-o., clotb, 704 pp.Net, $4.50 
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